UNCLASSIFIED 


LASER-CONTROLLED  MILL  I  ME  TER -WAVE  SWITCHING  GATING  AND 
PHASE  SHIFTING  IN  DIELECTRIC  WAVEGUIDES(U)  MARYLAND 
UNIV  COLLEGE  PARK  DEPT  OF  ELECTRICAL  ENGINEERING 
C  H  LEE  MAY  83  F/G  9/5 


NL 


MICROCOPY  RESOLUTION  TEST  CHART 

NATIONAL  BUREAU  OF  STANOAROS-  1963-A 


'M0- 


Laser-Controlled  MfWmeter-Wavi 
and  Phase  Shifting  in  Ohrtddtftc 


by  Chi  H.  Lee 


Department  of  Electrical  Engineering 
University  of  Maryland 
College  Park,  MD  20742 


DAAK21-81-C-0109 


mmm 


^$$#4ar 


Unclassified 


SECURITY  CLASSIFICATION  OF  This  PAGE  (Whon  Dot*  Kotorod) 


REPORT  DOCUMENTATION  PAGE 


READ  INSTRUCTIONS 
BEFORE  COMPLETING  FORM 


S.  RECIPIENT'S  CAT ALOO  NUMBER 


4.  TITLE  (and  Subtitle.) 

Laser-Controlled  Millimeter-Wave  Switchii 
Gating,  and  Phase  Shifting  in  Dielectric 
Waveguides 


t.  author/.; 

Chi  H.  Lee 

(HDL  contact:  Mary  Tobin) 


».  PERFORMING  ORGANIZATION  NAME  AND  ADDRESS  77 

Department  of  Electrical  Engineering 
University  of  Maryland 
College  Park,  MD  20742 


It.  CONTROLLING  OFFICE  NAME  AND  ADDRESS 

Commander 

Harry  Diamond  Laboratories 
Adelphi,  MD  20783 


■  MONITORING  AGENCY  NAME  A  ADORESSfff  dlllotm ,1  from  Controlling  Ollleo) 


S.  TYPE  OF  REPOS 


ERlOO  COVERED 


g.  Contractor  Report 


S.  PERFORMING  ORO.  REPORT  NUMBER 


S.  CONTRACT  OR  ORANT  NUMBER/.; 

DAAK2 1-81 -C-0 109  ^ 


10.  PROGRAM  ELEMENT.  PROJECT.  TASK 
AREA  4  PORK  UNIT  NUMBERS 

Program  el:  61102A 


IZ.  REPORT  DATE 


IS.  NUMBER  OF  PAGES 


IS.  SECURITY  CLASS,  (ol  (A/a  ropon) 

UNCLASSIFIED 


Is.  DISTRIBUTION  STATEMENT  (ol  (ft la  noport) 


Approved  for  public  release;  distribution  unlimited, 


17.  DISTRIBUTION  STATEMENT  (W  thm  mbmtroct  ontorod  in  Block  90.  H  dlilmront  frees  Report) 


IB.  SURRLEMENT ARY  NOTES 


HDL  project:  314132 
DRCMS  code:  6111020000000 


If.  KEY  WORDS  (C«nf<m»e  on  rorotmo  mi  do  II  nocommmy  mnd  identity  ky  block  mmkor) 

Waveguides,  millimeter  wave  propagation 


SB.  ABSTRACT  (CootOmM  tm  rormrw  N*  M  tmopoomr  md  M omtltr  *r  NmI 

V  ^  / 

The  results  are  summarized  of  the  investigation  of  a  number 
of  millimeter-wave  device  concepts  based  /on  laser-induced  solld- 
state  plasma  in  a  semiconducting  waveguide.  Using  the  waveguide 

Lft  up  to  1400®/cm  has  been  obtained. 


phase  shifter,  a  phase  shift  up  to  1400®/cm  has  been  obtained. 
Using  a  Cr-doped  GaAs  waveguide,  a  millimeter-wave  modulator 
with  a  bandwidth  greater  than  1  GHz  has  been  demonstrated.  A 


fITY  CLASSIFICATION  OF  THIl  FAOSfWInn  Dm*  Snl*f*«?  _ 


20.  complete  theoretical  analysis  has  been  carried  out  and  a 
dynamic  bridge  method  has  been  devised  to  measure  the  rapid 
phase  change.  Several  experiments  are  suggested  for  future  study, 
The  ultimate  goal  of  this  research  is  to  develop  a  monolithic 
millimeter-vave  integrated  circuit  technology.  .  The  results  of 
this  study  show  that  this  goal  is  clearly  achievable. 


Accession  Tar 

TtIS  GRA&I 
DTIC  TAB  U 

Unannounced  Q 

Justification - - 

By - - - - 

Distribution/ 

Availability  Code3 
jAvail  and/or 
Dist  Special 


J&s 


Unclassified 


•CCUSlTV  CLASSIFICATION  OF  THIS  FtUOS*  Dm  SUMS 


CONTENTS 

Pag 

1  INTRODUCTION  5 

2  BACKGROUND  6 

3  TECHNICAL  DESCRIPTIONS  AND  RESULTS  9 

3.1  Concept  of  Optically  Controllable  Millimeter-wave 

Propagation  9 

3.2  Stead-State  Analysis  of  Theory  of  Optically  Controlled 

Millimeter-Uave  Propagation  in  Dielectric  Waveguide  12 

3.3  Dynamic  Bridge  Method  for  Measuring  Rapid  Phase  Shift  13 

3.4  Highlights  of  Research  Results  20 

4  SUGGESTIONS  FOR  FUTURE  RESEARCH  21 

4.1  Further  Development  of  Dynamic  Bridge  Method  21 

4.2  Laser-Controlled  Phase  Shifter  Research  21 

4.3  Mode  Coupling  in  Optically  Controlled  Millimeter-Wave 

Dielectric  Waveguide  22 

4.4  Ultrafast  Switching,  Gating,  and  Wide-Band  Modulation  of 

Millimeter-Wave  Signals  22 

4.5  Chirping  of  Millimeter-Wave  Pulses  and  Coherent  Pulse 

Compression  23 

4.6  Development  of  Composite  Dielectric  Waveguide  Structures  23 

4.7  Use  of  Diode  Laser  as  Light  Source  24 

4.8  Study  of  Physics  of  Hot  Carrier  Transport  in  Semi¬ 
conductors  24 

LITERATURE  CITED  27 

DISTRIBUTION  29 

APPENDICES 


A.  Theory  of  Optically  Controlled  Millimeter-Wave  Pase  Shifters,  Alleen 

M.  Vaucher,  Charles  D.  Striffler,  and  Chi  H.  Lee,  IEEE  Transactions  on  Microwave 
Theory  and  Techniques,  MTT-31 . (February .  1983),  209-216.  30 

B.  Wide  Bandwidth,  High  Repetition-Rate  Optoelectronic  Modulation  of 

Millimeter-Waves  in  GaAs  Waveguide,  M.  G.  Li,  W.  L.  Cao,  V.  K.  Mathur,  and  Chi 
H.  Lee,  Electron.  Lett,  (May  1982),  454-456.  38 

88  °5_  27 


3 


Page 

C.  Picosecond  Optoelectronic  Modulation  of  Millimeter-Waves  in  GaAs 
Waveguide,  M.  G.  Li,  V.  K.  Mathur,  W.  L.  Cao  and  Chi  H.  Lee,  Picosecond  III, 
edited  by  R.  M.  Hochstrasser  and  W.  Xalzer,  Sprlnger-Verlag,  1982,  145-148.  40 

FIGURES 

1.  Scheaatlc  diagram  and  operating  principle  of  an  optically  controlled  phase 

shifter*  kz  is  the  propagation  vector  in  the  guide,  d  is  the  depth  of  the 
Injected  plasma  layer,  4  is  the  length  of  guide  illuminated  a  and  b  are  the 
width  and  height  of  the  guide  respectively.  10 

2.  Measured  phase  shift  normalized  to  units  of  degree/cm.  The  scale  for  the 

upper  abscissa  applies  to  the  reduced  data  points.  The  silicon  waveguide  has  a 
cross-section  of  2.4x1 .0  mm2  n 


3.  Phasor  diagram  consisting  of  two  interfering  phasors,  EA  and  Eg,  repre¬ 
senting  electric  fields  in  two  arms  of  bridge.  14 

4.  Phasor  diagram  for  unbalanced  bridge.  Note  simple  geometric  construction 

to  obtain  resultant  phasor  ER,  representing  electric  field  at  output  of  bridge.  15 

5.  Balanced  bridge  case  $0  *  0:  (a)  phasor  diagram,  (b)  magnitude  of  ER  versus 

♦  where  phase  angle  betweeen  EA  and  Eg  is  *  -  f,  (c)  |er|2  versus  4>  ■  ^ 

6.  Theoretical  temporal  profile  of  the  millimeter-wave  signals  generated  for 
the  unbalanced  bridge  due  to  the  decay  of  the  optically  Induced  carriers.  The 
curves  are  plotted  for  different  Initial  phase  angles  between  EA  and  Eg.  (a) 

180°,  the  balanced  case,  (b)  0°,  (c)  115°  and  (d)  235°.  17 

7.  Qualitative  temporal  profile  of  |Er|2  (a)  phasor  diagram,  (b)  |Er|2  versus 

♦  ,  (c)  temporal  profile  of  |Eg|2  for  initial  phase  angle  between  EA  and  Eg 

equal  to  i  -  $Q,  •  -  JL,  (d),  (e) ,  (f)  same  as  figure  7a,  b,  c,  with  18 

3  3 

8.  Decay  path  of  laser-induced  phasor  OA  when  attentuatlon  of  phasor  amplitude 

is  taken  into  account.  Phasor  rotates  with  variable  amplitude  along  path 
A’B’C'G.  19 


9.  Experimentally  observed  millimeter-wave  signals  corresponding  to  theoreti¬ 
cal  ones  In  figure  6  in  same  cyclic  order.  20 

10.  Relative  timing  of  laser-induced  solid-state  plasma  and  dc  and  millimeter- 

wave  pulses  for  characterization  of  hot  carrier  transport.  28 


4 


1 


Introduction 


Contract  DAAK21-81-C-01J9  was  awarded  on  September  17,  1981,  for  the  study 
of  the  switching,  gating,  and  phase  shifting  of  millimeter  waves  in  semiconduc¬ 
tor  waveguides  by  a  laser-induced  electron  hole  plasma.  Before  this  contract, 
preliminary  work  had  been  performed  and  the  results  were  reported  elsewhere. 

We  reported^  the  demonstration  of  a  new  method  for  controlling  millimeter-wave 
propagation  in  a  semiconductor  waveguide,  i.e.,  optical  control.  A  phase  shift 
of  300°/cm  at  94  GHz  was  observed.  A  simple  theory  was  developed  to  explain 
the  observed  behavior.  This  technique  was  also  extended  to  ultra-fast 
switching  and  gating  of  millimeter-wave  signals.  Millimeter-wave  pulsewidths 
as  short  as  Ins  and  variable  to  several  tens  of  nanoseconds  were  observed. 

The  main  objective  of  the  current  contract  is  to  further  advance  the  state 
of  the  art  in  this  area  by  performing  the  following  specific  tasks: 

(1)  setting  up  a  94  GHz  system  for  parameter  measurements, 

(2)  fabricating  different  waveguides  from  Si  and  GaAs, 

(3)  measuring  the  phase  shift  and  attenuation  as  a  function  of  the  laser- 
induced  plasma  in  various  waveguides,  with  particular  emphasis  on 
waveguides  operated  close  to  cutoff, 

(4)  measuring  these  parameters  as  a  function  of  laser  wavelength  and 
pulsewidth,  and 

(5)  developing  a  theoretical  model  and  computer  code  to  facilitate  com¬ 
parison  between  theory  and  experiment. 

The  contract  allowed  for  some  deviation  from  these  specific  tasks  if  a  par¬ 
ticular  avenue  of  research  was  found  to  be  especially  fruitful.  It  was 
Intended  that  this  research  should  be  published  in  respected  technical  jour¬ 
nals. 


Our  research  has  been  quite  successful.  We  have  accomplished  all  the 
tasks  listed  above  except  for  measuring  the  phase  shift  and  attenuation  as  a 
function  of  laser  pulsewidth  (This  information  is  not  critical  for  the 
understanding  of  the  physics  of  the  devices).  In  addition,  a  dynamic  bridge 
method  has  been  developed  which,  for  the  first  time,  can  monitor  the  rapid 
change  of  phase  and  attenuation  at  a  subnanosecond  time  scale  at  94  GHz. 

Chirped  millimeter-wave  pulses  have  been  observed  in  a  GaAs  waveguide  with 
potential  for  further  compression  of  the  pulses  for  millimeter-wave  radar 
applications.  We  have  also  demonstrated  the  wideband  modulation  of  millimeter 
waves  with  a  bandwidth  in  excess  of  1  GHz.  A  phase  shift  as  high  as  1400°/cm 
has  been  observed. 

A  parallel  effort  In  the  theoretical  description  of  these  devices  has  been 
carried  out.  A  computer  code  haB  been  developed  to  analyze  higher  order  modes 
of  propagation  in  the  plasma-controlled  region  of  both  Si  and  GaAs  waveguides 
at  various  frequencies  and  for  various  waveguide  dimensions.  We  have  also  for- 

1  Chi  H.  Lee,  P.  S.  Mak,  and  A.  P.  DeFonzo,  "Optical  control  of  millimeter  wave 
propagation  in  dielectric  waveguides,"  IEEE  J.  Quantum  Electron  QE-16  (19 80), 
277-288.  5 


mulcted  a  surface  plasma  model  that  is  a  good  approximation  of  the  more  ela¬ 
borate  volume  plasma  model.  This  model  will  facilitate,  in  future  research,  the 
computation  of  a  more  complicated  situation  where  mode  coupling  effects  may  be 
Important . 

Our  research  has  resulted  in  several  publications.  They  are  as  follows: 

(1)  Theory  of  optically  controlled  millimeter-wave  phase  shifters,  published 
in  the  IEEE  Transactions  on  Microwave  Theory  and  Techniques  in  a  special 
issue  on  millimeter  waves,  MTT-31,  209-216,  (February,  1983). 

(2)  Vide  bandwidth  high  repetition-rate  optoelectronic  modulation  of 
millimeter-waves  in  GaAs  waveguide.  Electronics  Letters,  18  454;  (May  1982), 
and 

(3)  Picosecond  optoelectronic  modulation  of  millimeter-waves  in  GaAs 
waveguide,  accepted  for  publication  in  Picosecond  Phenomena  III,  edited  by  R. 

M.  Hochstrasser  and  W.  Kaiser,  Springer-Verlag,  1982,  145-148. 

The  reprints  of  these  papers  are  included  as  appendices.  Anyone  who  is 
interested  in  the  technical  details  should  consult  these  appendices. 

In  section  2,  the  background  and  a  historical  overview  of  this  research 
field  is  presented.  Technical  descriptions  and  results  are  in  section  3.  Sec¬ 
tion  3.1  discusses  the  concept  of  optical  control  of  millimeter-wave  propaga¬ 
tion  and  Section  3.2  gives  a  summary  of  the  theoretical  analysis.  The  dynamic 
bridge  method  for  measuring  the  rapid  change  of  phase  and  attenuation  as  a 
function  of  time  is  presented  in  detail  in  Section  3.3.  Highlights  of  the 
current  research  results  are  listed  in  Section  3.4.  Section  4  contains 
suggestions  for  future  research  topics. 

With  better  understanding  of  the  physics  of  these  devices,  we  believe  that 
it  is  now  possible  to  build  a  monolithic  millimeter-wave  integrated  circuit 
technology  based  on  this  foundation.  The  approach  of  using  a  solid-state 
plasma  as  a  means  of  control  (this  also  includes  the  PIN  diode  work  done  by 
Jacobs  et  al2)  appears  to  be  the  only  successful  one  so  far.  Continued  funding 
of  this  effort  is  needed  to  advance  this  research  to  a  stage  where  this  tech¬ 
nology  can  be  transferred  to  industry  for  system  development. 


2 .  Background 

He  are  currently  witnessing  a  resurgence  of  interest  in  millimeter-wave 
technology.  The  frequency  band  extending  from  30  to  1000  GHz  is  attractive  in 
several  respects.  Devices  operating  above  K  band  frequencies  offer  the  bene¬ 
fits  of  greater  carrier  bandwidth,  better  spatial  resolution,  and  a  more  coat- 
pact  technology  than  presently  used  X  and  K  band  systems.  On  the  other  hand, 
millimeter  and  submillimeter  wave  systems  have  some  advantages  over  optical 
systems:  better  atmospheric  propagation  through  fogs  and  smokes  in  selected 

L  H.  Jacobs  and  M.  M.  Chrepta,  ’'Electronic  phase  shifter  for  millimeter-wave 
semiconductor  dielectric  integrated  circuits ,"  IEEE  Trans.  Microwave  Theory 
Tech.  MTT-22  (1974).  4II-4I7. 
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bands  and  a  technology  more  amenable  to  frequency  multiplexing3~5  but  retaining 
the  good  angular  resolution  of  the  latter.  An  outstanding  and  basic  problem  is 
how  to  effectively  preserve  these  benefits.  Our  approach  to  the  solution  of 
this  problem  promises  to  yield  much  larger  modulation  bandwldths  than  are 
realizable  with  optical  techniques  while  preserving  economy  over  a  given 
carrier  frequency  band. 

One  of  the  Important  parts  of  microwave  and  millimeter  wave  systems 
is  the  waveguide.  At  microwave  frequencies,  metal  waveguides  are  commonly 
used.  At  higher  frequencies,  either  microstrip  or  dielectric  waveguide  struc¬ 
tures  become  more  attractive.  Both  of  these  structures  can  be  fabricated  by 
Integrated  circuit  techniques.  Complex  millimeter-wave  Integrated  circuit  ele¬ 
ments  can  be  easily  formed  from  dielectric  materials  by  employing  batch  fabri¬ 
cation  techniques  using  sandblasting,  machining,  laser  cutting,  etc. 

Microstrip  transmission  lines  are  used  up  to  30  GHz.  For  frequencies  greater 
than  30  GHz,  the  losses  in  microstrip  structures  are  high  and  fabrication  tech¬ 
niques  become  more  difficult  because  of  the  narrow  strips  and  the  substrate 
thickness.  Dielectric  rectangular  waveguides  become,  then,  the  only  alternative 
to  the  expensive  metal  waveguides.  The  use  of  high-purity  semiconductor 
materials  as  dielectric  waveguides  is  particularly  important  since  active  devi¬ 
ces,  such  as  oscillators,  Gunn  or  IMPATT  diodes,  mixers/detectors,  and  modula¬ 
tors,  can  all  be  fabricated  in  situ  into  the  semiconducting  waveguides. 

One  important  aspect  of  millimeter-wave  devices  is  the  control  of  phase 
and  amplitude  of  a  wave  propagating  through  the  waveguide.  Such  devices  with  a 
reasonable  speed  and  acceptable  bandwidth  are  not  yet  available  in  the 
millimeter-wave  region.  The  use  of  semiconductor  bulk  phenomena  in  imple¬ 
menting  microwave  control  components  has  been  discussed**.  The  principal  pheno¬ 
mena  explored  have  been  the  dielectric  and  conductive  properties  of  the  plasma 
states.  A  frequency-scanning  millimeter-wave  antenna  utilizing  periodic 
metallic  stripe  perturbations  on  a  silicon  waveguide  has  been  demonstrated?. 
Millimeter-wave  dielectric  image-guide  Integrated  devices  have  been  developed®. 
At  the  optical  region,  there  are  various  controllable  wave  guide  devices  which 
have  not  found  their  counterparts  in  the  millimeter-wave  region.  High-speed 
light  modulators  that  make  use  of  the  electro-optic,  acousto-optic,  and 
magneto-optic  effects  in  bulk  material  have  been  described^.  All  these  effects 

J  W.  J.  Tomlinson,  "Wavelength  multiplexing  in  multimode  optical  fibres,", 

Appl.  Opt.  _I6  (1977),  2180-2194. 

4  M.  Kobayashi  and  H.  Herul,  "Optical  demultiplexer  using  coupling  between 
nonidentical  waveguides,"  Appl.  Opt.  \]_  (1978) ,  3253-3258. 

3  j.  Mlnowa,  K.  Aoyama,  and  Y.  Fujii,  "Silicon  blazed-gratlng  for  low  loss 
optical  multiplexer,"  1979  IEEE/0SA  Conference  on  Laser  Engineering  and 
Applications,  Digest  of  Technical  Papers,  paper  3.10  (1979),  54-55. 

®  K.  E.  Mortenson,  A.  L.  Armstrong,  J.  M.  Borrego,  and  J.  F.  White,  "A  review 
of  bulk  semiconductor  microwave  control  components,"  Proc  IEEE,  J>9^  (1971), 
1191-1200. 

?  K.  L.  Klohn,  R.  E.  Horn,  H.  Jacobs,  and  E.  Friebergs,  "Silicon  waveguide  fre¬ 
quency  scanning  linear  array  antenna,"  IEEE  Trans.  Microwave  Theory  Tech., 
MTT-26  (1973).  764-773. 

8  J.  A.  Paul  and  Y.  W.  Chang,  "Millimeter-wave  image-guide  Integrated  passive 
devices,"  IEEE  Trans.  Microwave  Theory  Tech.,  MTT-26  (1978),  751-754. 

®  I.  p.  Kami now,  "Optical  waveguide  modulators,"  IEEE  Trans.  Microwave  Theory 
Tech..  MTT-23  (1975),  57-70. 
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produce  refractive  index  changes  and,  in  turn,  modify  the  characteristics  of 
the  propagating  fields.  Within  these  general  principles,  an  electro-optic 
multimode  maveguide  switch  based  on  nonuniform  modulations  of  the  refractive- 
index  profile  of  the  active  waveguide  at  optical  wavelengths  has  recently  been 
demonstrated^).  g  Mach-Zehnder  interferometric  integrated-optical  waveguide 
modulator  has  also  been  reported! 1. 

Phase  shifting  is  a  fundamental  control  operation.  A  general  approach  to 
this  operation,  used  extensively  at  both  optical!?  and  microwave^  frequencies, 
is  to  alter  the  phase  velocity  along  a  fixed  interval  of  a  guiding  medium.  In 
this  case,  the  phase  shift  per  unit  length  is  equal  to  the  change  in  the  propa¬ 
gation  constant  of  the  guided  wave.  One  well-known  method  of  altering  the 
dispersion  of  millimeter  waves  is  to  introduce  a  plasma  in  the  guiding  medium. 
In  their  works  Jacobs?  and  his  coworkers  have  demonstrated  that  the  phase  shift 
can  be  accomplished  by  injecting  plasma  with  PIN  diodes14.  Similar  work  at  low 
frequency  has  been  demonstrated  very  recently  by  Glance1^.  However,  there  are 
several  shortcomings  of  PIN  diode  controlled  millimeter-wave  devices:  (1) 

large  phase  shifts  have  not  been  achieved  because  of  excess  heating  of  the 
waveguide;  (2)  there  are  large  losses  (6  dB)  due  to  excess  metallization  for 
contact  to  the  junction  region;  and  (3)  the  PIN  diode  becomes  an  integral  part 
of  the  waveguide.  This  last  shortcoming  leads  to  complex  boundary  conditions 
and  poor  electrical  isolation  between  the  PIN  diode  and  the  waveguide  struc¬ 
ture.  Inspired  by  previous  work? • 14 we  have  come  up  with  an  elegant  way  of 
circumventing  the  difficulties  associated  with  PIN  diode  control  by  using  opti¬ 
cal  injection  of  plasma  to  illuminate  the  guide  with  above  bandgap  radiation, 
thereby  creating  the  basic  element  of  a  new  class  of  device  — an  optically 
controlled  millimeter-wave  device.  Optical  techniques  offer  the  following 
advantages:  (1)  near  perfect  Isolation,  (2)  low  static  and  dynamic  Insertion 
losses,  (3)  fast  response,  (A)  high  power  handling  capability,  (5)  when 
picosecond  pulses  are  used,  it  is  possible  for  extremely  high  density  plasmas 
to  be  Injected  without  damaging  the  material. 

(6)  By  proper  choice  of  semiconducting  material  and  laser  wavelength  one  can 
generate  plasma  with  any  desirable  density  distributions  and  at  any  desirable 
time.  (7)  Ultrafast  switching  and  gating  of  millimeter-wave  signals  are 
possible.  (8)  Using  picosecond  exciting-probing  techniques,  the  dynamic  evolu¬ 
tion  of  the  injected  plasma  can  be  studied  in  detail.  Parameters  related  to 

z  H.  Jacobs  and  M.  M.  Chrepta,  "Electronic  phase  shifter  for  millimeter-wave 
semiconductor  dielectric  Integrated  circuits,"  IEEE  Trans.  Microwave  Theory 
Tech,  MTT-22  (I97A),  All-417. 

J.  C.  Campbell  and  T.  Li,  "Electro-optic  multimode  waveguide  switch,"  Appl. 
Phys.  Lett.  _33_  (1978),  710-712. 

W.  K.  Burns,  T.  G.  Glallorenzi,  R.  P.  Moeller,  and  E.  J.  West, 
"Interferometric  waveguide  modulator  with  polarization  Independent  operation," 
Appl.  Phys.  Lett.  _33^  (1978) ,  9AA-9A7. 

**  I.  P.  Kami now,  J.  R.  Carruthers,  E.  H.  Turner,  and  L.  W.  Stulz,  "Thln-film 
LiNbO-i  electro-optic  light  modulator,"  Appl.  Phys.  Lett.  22.  (1973),  5A0-5A2. 

*3  g.  v.  Garver,  Microwave  Diode  Control  Devices,  Chapter  10,  Artech  Bouse, 

Inc.  (1976). 

*4  B.  J.  Levin  and  G.  G.  Veldner,  "Millimeter-wave  phase  shifters,"  RCA  Rev.  3A 
(1973),  A89-505. 

^  B.  Glance,  "A  fast  low  loss  microstrip  p-l-n  phase  shifter,"  IEEE  Trans. 
Microwave  Theory  Tech.,  MTT-27  (1979),  14-16. 
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transport  properties  of  the  carriers  can  be  accurately  determined. 

Because  of  these  apparent  advantages,  we  feel  that  the  optical  techniques 
will  not  only  enable  us  to  characterize  in  detail  the  nature  of  wave-*plasma 
interactions  in  the  waveguide,  but  also  provide  practical  ways  for  controlling 
millimeter  waves.  Furthermore,  the  characterization  and  modeling  of  the  plasma 
layer  on  the  millimeter-wave  propagation  in  semiconducting  waveguides  will  at 
least  complement  the  work,  done  by  Jacobs  et  al2  in  understanding  the  nature  of 
plasma-wave  interaction.  Recent  development  of  mode-locked  semiconductor  lasers^ 
and  monolithic  integration  of  an  Injection  laser  with  a  HESFET^  further 
strengthen  our  belief  that  optical  control  of  millimeter-waves  is  a  viable 
technique. 

Realizing  this  potential,  we  have  initiated  a  research  program,  with 
internal  support  from  the  University  of  Maryland,  College  of  Engineering 
(totaling  $170,000)  and  external  support  from  the  Harry  Diamond  Laboratories 
($70,000)  and  the  National  Science  Foundation  ($30,000  equipment  grant)  to 
investigate  the  effect  of  a  light-induced  plasma  on  the  propagation  of  a  mil  ' 
meter  wave  in  a  semiconductor  waveguide.  The  results  Include,  besides  the 
publications  listed  in  the  introduction,  the  presentation  of  a  paper  entitled, 
"Ultrafast  optoelectronic  modulation  of  millimeter-waves  in  GaAs  waveguide”  at 
the  12th  International  Quantum  Electronics  Conference  in  Munich,  June  22-25, 

1982. 


He  believe  these  efforts  represent  an  Important  emergent  field.  Our  work 
has  led  to  the  demonstration  of  a  laser-controlled  millimeter-wave  phase 
shifter  with  phase  shift  up  to  1400°/cm  observed.  In  addition  an  ultrafast 
optoelectronic  millimeter-wave  modulator  has  been  realized  with  modulation 
bandwidth  well  in  excess  of  1  GHz.  More  important,  our  work  has  enabled  us  to 
better  understand  the  physics  of  these  types  of  devices.  Including  the  PIN  diode 
work  done  by  Jacobs  et  al2. 


3.  Technical  Descriptions  and  Results 

3.1  Concept  of  Optically  Controllable  Millimeter-Wave  Propagation 

Shown  in  figure  1  is  a  schematic  of  the  optically  controllable  phase 
shifter.  It  consists  of  a  rectangular  semiconductor  waveguide  with  tapered 
ends  to  allow  efficient  transition  of  millimeter-waves  both  to  and  from  a  con¬ 
ventional  metal  waveguide.  Optical  control  is  realized  when  the  broad  wall  of 
the  semiconductor  guide  is  illuminated  by  light  generated  by  either  a  proximal 
source  or  one  removed  by  a  suitable  optical  guiding  medium.  The  width,  a,  and 
height,  b,  of  the  guide  are  selected  so  that  it  supports  an  E^mode.  The  ini- 

*  H.  Jacobs  and  M.  M.  Chrepta,  "Electronic  phase  shifter  for  millimeter-wave 
semiconductor  dielectric  integrated  circuits,”  IEEE  Trans.  Microwave  Theory 
Tech.  MTT-22  (1974),  411-417. 

*2  I.  P.  Kamlnow,  J.  R.  Carruthers,  E.  H.  Turner,  and  L.  W.  Stulz,  "Thin-film 
LiNbOj  electro-optic  light  modulator,"  Appl.  Phys.  Lett.  _22  (1973),  540-542. 
16  p.  t.  Ho,  L.  A.  Glasser,  E.  P.  Ippen,  and  H.  A.  Haus,  "Picosecond  pulse 
generation  with  a  cw  GaAlAs  laser  diode,"  Appl.  Phys.  Lett.,  21  (1978), 
341-342. 


tlal  depth  of  plasma  injection  is  controlled  by  aelecting  an  appropriate  com¬ 
bination  of  optical  radiation  wavelength  and  semiconductor  absorption  proper¬ 
ties. 
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Fig.  1.  Schematic  diagram  and  operating  principle  of  an  optically  controlled 
phase  shifter.  kz  is  the  propagation  vector  in  the  guide,  d  is  the  depth  of 
the  injected  plasma  layer,  1  is  the  length  of  guide  illuminated  a  and  b  are  the 
width  and  height  of  the  guide  respectively. 

At  sufficiently  small  Injection  depths,  the  final  thickness  of  the  plasma 
is  determined  primarily  by  processes  of  carrier  diffusion  and  recombination. 

The  effect  of  plasma-occupied  volume  is  to  Introduce  a  layer  whose  index  at  the 
mllllmeter-vave  frequency  is  larger  than  the  remaining  volume  of  waveguide. 

From  simple  physical  arguments  one  would  expect  this  effect  tc  become  strong  as 
one  approaches  and  then  exceeds  the  plasma  density  at  which  the  value  of  the 
plasma  frequency  equals  the  frequency  of  the  guided  millimeter  wave.  At  suf¬ 
ficiently  high  plasma  densities,  the  millimeter  wave  is  totally  screened  frun 
the  occupied  volume,  and  one  would  expect  that  the  phase  shift  per  unit  length 
would  saturate  as  a  function  of  plasma  density.  At  extremely  high  densities, 
the  plasma  layer  becomes  metallic,  and  the  dielectric  waveguide  becomes  an 
image  guide.  As  the  optical  illumination  Intensity  increases  from  a  low  value, 
a  significant  phase  shift  will  not  appear  until  the  plasma  frequency  exceeds 
the  frequency  of  the  guided  millimeter  wave  after  which  it  will  rapidly  rise 
and  eventually  saturate.  However,  the  form  and  magnitude  of  the  phase  shift 
versus  the  intensity  of  illumination,  and  hence,  the  plasma  density,  depend 
in  detail  on  the  material  and  geometrical  factors  that  characterise  the  opti¬ 
cally  perturbed  guiding  structure,  and  their  determination  requires  a  detailed 
solution  of  the  corresponding  boundary  value  problems.  The  optically  Induced 
phase  shift  At  for  a  given  section  of  waveguide  of  length  t  is  determined  by 
computing  the  propagation  constant  in  the  s  direction  first  in  the  absence  of 
the  injected  plasma,  k  ,  and  then  with  the  plasma,  k'  thus: 

At  -  (k;  -  k  )i  .  (i) 

z  z 

He  have  developed  a  complete  theory  and  performed  a  computer  calculation 
of  the  boundary  value  problem  (see  App.  A)  and  have  measured  the  phase 
shift  as  a  function  of  laser  intensity  to  test  our  model.  Details  of  the 
experimental  technique  and  numerical  calculations  are  given  in  appendices  A,  B, 
and  C .  One  of  the  typical  results  is  shown  in  figure  2.  The  correspondence 
between  the  data  and  the  theoretically  predicted  curve  is  quite  good.  He  feel 
very  confident  that  we  have  a  good  understanding  of  this  problem.  He  observed 
a  maximum  phase  shift  of  59®  at  9 A  GHz  for  a  plasma  column  1.6  mm  long  for  a 
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waveguide  of  2.4  x  1.0  ma^  and  270°  for  a  waveguide  with  2  x  0.5  ma^  cross- 
section,  In  good  agreement  with  the  theory.  The  aaxiaua  light  energy  uaed  was 
about  10  yj.  In  practical  device  applications,  one  is  interested  in  the  aaount 
of  phase  shift  per  unit  Incident  light  energy.  In  the  present  case,  the 
results  indicate  a  phase  shift  per  unit  energy  on  the  order  of  25°/ yj.  By  con¬ 
fining  the  plasaa  to  a  very  thin  layer  and  choosing  a  guiding  structure  close 
to  cutoff,  our  calculations  show  a  decrease  in  energy  requirements  for  a  given 
phase  shift  by  at  least  two  orders  of  magnitude,  down  to  2.5  / nJ. 
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Pig.  2.  Measured  phase  shift  normalized  to  units  of  degree/ca.  The  scale  for 
the  upper  abscissa  applies  to  the  reduced  data  points.  The  silicon  waveguide 
has  a  cross-section  of  2. 4x1.0  wa?. 

By  slight  variations  of  the  phase-shifting  technique,  we  have  also 
demonstrated  optoelectronic  switching,  gating,  and  modulation  of  millimeter-wave 
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signal  at  94  Ghz  by  an  optically  induced  plasma  in  a  silicon  or  GaAs 
waveguide1®, 19,21#  ^  millimeter  wave  pulse  width  as  short  as  0.5  ns  and 

variable  to  tens  of  nanoseconds  can  readily  be  .‘taiaed  by  this  technique.  We 
conclude  from  these  studies  that  optical  injection  of  plasma  is  superior  to 
electrical  injection  because  of  its  near-perfect  isolation.  The  geometry  and 
nature  of  the  Injected  plasaa  coluan  are  aore  amenable  to  analysis.  Excellent 
agreement  between  experiment  and  theory  encourages  further  study  and  a  search 
for  a  better  experlaental  configuration  to  realize  a  new  class  of  devices  with 
high  efficiency.  Of  particular  Interest  is  the  development  of  an  electroni¬ 
cally  steerable  phased-array  antenna. 


3.2  Steady-State  Analysis  of  Optically  Controlled  Millimeter-Wave  Propagation 
in  Dielectric  Waveguide 

In  this  project  we  have  analyzed  several  different  models  that 
describe  the  ailllmeter-vave  characteristics  of  a  dielectric  waveguide  con¬ 
taining  a  plasma-dominated  region.  First  we  considered  the  case  in  which  a 
plasma  region  of  depth  tp  was  present  over  the  entire  broad  wall  of  the 
dielectric  guide;  then  we  treated  the  plasma  region  as  being  infinitely  thin 
and  located  only  on  the  surface  of  the  guide.  For  both  of  these  cases  we  calcu¬ 
lated  the  phase  shift  and  attenuation  resulting  from  the  presence  of  the 
plasma.  We  are  now  in  the  process  of  describing  the  coupling  between  modes 
induced  by  the  presence  of  the  plasma. 

The  principle  of  the  optically  controllable  phase  shifter  was  discussed 
qualitatively  in  section  3.1.  It  was  mentioned  earlier  in  this  section  that 
the  form  and  magnitude  of  Che  phase  shift  depends  strongly  on  the  material  and 
geometrical  factors  that  characterize  the  optically  perturbed  guiding  struc¬ 
ture.  We  have  devised  a  model  and  carried  out  a  detailed  steady-state  analysis 
of  the  general  wave  propagation  problem  in  a  dielectric  waveguide  with  a  plasma- 
occupied  region.  The  results  of  these  analyses  are  presented  in  appendix  A. 

Here  we  Just  point  out  some  of  the  main  features. 

We  explain  the  calculated  behavior  of  the  phase  shift  and  attenuation 
curves  for  the  various  aodes  in  a  2.4  x  1.0  mm^  silicon  waveguide  at  94  GHz  as 
follows:  As  the  plasma  density  increases  from  lO1^  to  10^®  cm“*  the  skin 
depth  at  94  GHz  in  silicon  decreases  from  more  than  200  pm  to  less  than  1  pm. 

When  the  skin  depth  is  equal  to  or  larger  than  the  plasma  layer  thickness,  the 
millimeter  wave  penetrates  deeply  into  the  plasma  layer,  causing  loss.  The 
maximum  loss  occurs  when  the  skin  depth  is  about  equal  to  the  layer  thickness. 

The  higher  order  modes  have  more  loss  in  this  regime  than  the  lower  order  modes 
because  more  of  the  wave  power  is  concentrated  in  the  plasma  region  when  a 
higher  order  mode  is  propagating  in  the  guide.  As  the  plasma  density  Increases 
further,  the  skin  depth  decreases.  When  the  skin  depth  is  less  than  the 
thickness  of  the  plasaa  layer,  the  plasaa  region  begins  to  act  as  a  metallic 

C.  H.  Lee,  S.  Mak,  and  A.  P.  DeFonzo,  "Millimeter-wave  switching  by  opti¬ 
cally  generated  plasaa  in  silicon,"  Electron.  Lett.  _14_  (1978),  733-734. 

C.  H.  Lee,  "Picosecond  optoelectronic  switching  in  GaAs,"  appl.  Phys.  Lett, 

30  (1977),  84-86. 

"ZT  M.  G.  Li,  W.  L.  Cao,  V.  K.  Mathur,  and  Chi  H.  Lee,  "Wide  bandwidth,  hlgb- 
repetltion  rate  optoelectronic  modulation  of  millimeter-wave  in  GaAs 
waveguide,"  Electron.  Lett.  18  (1982),  454-456. 
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conductor  and  the  dielectric  waveguide  becomes  an  image  line.  The  attenuation 
then  drops  off  rapidly  with  increasing  plasma  density.  The  maximum  phase  shift 
of  the  higher  order  modes  is  also  larger  than  that  of  the  lower  modes  because 
the  waveguide  becomes  more  dispersive  closer  to  cutoff. 

T£e  effect  of  varying  the  frequency  of  the  millimeter  wave  in  the  2.4  x 
1.0  mm  guide  for  a  10- ym  plasma  depth  is  to  shift  the  attenuation  peak  and 
the  onset  of  the  phase  shift.  This  is  to  be  expected  since  the  skin  depth  is  a 
decreasing  function  of  frequency;  therefore,  the  plasma  density  at  which  the 
greatest  amount  of  interaction  between  the  plasma  and  the  wave  occurs  Increases 
as  the  frequency  is  increased.  Also,  as  the  frequency  is  lowered,  the  maximum 
phase  shifts  and  attenuations  are  larger.  This  is  because  the  guide  operates 
closer  to  cutoff  at  the  lower  frequencies. 

When  the  same  analysis  is  done  for  a  GaAs  waveguide,  similar  results  are 
found.  The  general  features  of  the  phase  shift  and  attenuation  curves  are  the 
same  as  those  for  silicon;  however,  the  curves  are  shifted  toward  lower  plasma 
densities,  consistent  with  the  shift  in  the  dielectric  properties  of  GaAs  ver¬ 
sus  Si. 

Comparison  of  the  results  from  the  volume  plasma  model  and  the  surface 
plasma  model  shows  good  agreement  of  the  phase  shifts  and  attenuations  of  the 
two  models  with  respect  to  plasma  density  at  small  plasma  depths. 

As  the  thickness  of  the  plasma  layer  gets  larger,  the  agreement  becomes 
poorer.  Good  agreement  between  the  surface  model  and  volume  model  with  small 
plasma  depth  is  very  encouraging.  Clearly,  the  simplicity  of  the  surface  model 
will  aid  us  greatly  in  future  analysis  pertaining  to  mode  conversion  of  a 
single  incident  wave. 

Currently  we  are  modelling  the  coupling  between  modes  induced  by  the  pre¬ 
sence  of  the  plasma  by  writing  the  fields  in  the  plasma-controlled  portion  of 
the  waveguide  as  a  summation  over  the  orthogonal  set  of  modes  which  could  pro¬ 
pagate  in  the  unperturbed  guide. 


3.3  Dynamic  Bridge  Method  to  Measure  the  Rapid  Change  of  Phase  and  to 
Monitor  the  Carrier  Decay  Kinetics. 


In  the  experiment  on  the  ultrafast  modulation  of  millimeter-wave  signals  by 
using  Cr-doped  GaAs  waveguide,  the  pulsewidth  of  the  modulated  signals  is 
usually  narrower  than  the  combined  response  time  of  the  detector  diode  and 
oscilloscope.  As  a  result,  the  convenient  calibration  technique  employed  in  the 
Si  waveguide  work  (see  app.  A)  to  obtain  the  values  of  phase  shift  and 
attenuation  is  not  directly  applicable  here.  Ue  have,  however,  developed  a 
dynamic  bridge  method  to  determine  the  values  of  the  laser-induced  phase  shift 
and  attenuation.  This  method  exploits  the  fact  that  the  temporal  profile  of 
the  output  of  the  bridge  depends  sensitively  on  (1)  the  initial  phase  angle 
between  the  electric  fields  in  two  arms  of  the  bridge,  (2)  the  laser-induced 
phase  shift,  and  (3)  the  carrier  decay  dynamics  and  the  dependence  of  the  phase 
shift  and  attenuation  of  the  millimeter  wave  on  the  carrier  density.  The  dyna¬ 
mic  range  is  very  large  in  this  method.  Ue  can  follow  the  decay  of  carrier 
density  over  four  orders  of  magnitude. 
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To  understand  how  the  dynamic  bridge  method  works,  let  us  consider  a  pha- 
sor  diagram  consisting  of  two  Interfering  phasors  representing  the  electric 
fields  in  the  two  arms  of  the  bridge.  Let  E.  represent  the  electric  field  in 
the  arm  with  dielectric  waveguide  (see  fig.  3)  and  Eg.  the  rf  field  In  the 
other  arm.  The  output  of  the  bridge  is  proportional  to  the  resultant  phasor. 
Tor  simplicity,  let  us  consider  only  the  case  where  EA  and  EB  are  linearly 
polarised  in  the  same  direction.  When  the  bridge  is  balanced  before  laser 
illumination,  EA  ■  -E„  and  the  output  is  sero.  The  situation  in  which  the 

angle  4,  is  depicted 
It  can  be  shown  that 


Figure  3.  Phasor  diagram  consisting  of  two  interfering  phasors,  EA  and  Eg, 
representing  electric  fields  in  two  arms  of  bridge. 

The  power  detected  by  the  diode  is  proportional  to  2(1  ~  cos  4)»  indi¬ 
cated  in  figure  5a.  If  the  bridge  lnbalance  is  introduced  by  the  laser  pulse 
illumination,  then  the  situation  depicted  in  figure  5  still  applies,  except 
that  4  now  represents  the-laser  induced  phase  shift,  4iaBer.  After  the  laser 
pulse  terminates,  4iaser  chaa£eB  from  its  maximum  value  to  sero,  according  to 
the  carrier  decay  kinetics  and  the  relation  between  4jaaer  *°d  the  carrier  den¬ 
sity.  This  relation  has  been  calculated  and  is  shown  in  appendices  A  and  B.  As 
tlaser  decreases,  the  phasor  E A  rotates  from  its  initial  position  OA  along  the 
circular  arc  ABCG  to  its  equilibrium  position  OG.  The  resulting  phssor 
describing  the  output  of  the  bridge  at  a  given  Instance  is  given  by  GB,  GC, 
etc.  figure  5c  plots  |  ER|2  versus  4.  However,  |  ER|Z  versus  time  is  mors 
complicated.  As  we  have  mentioned  earlier,  |Eg|2  depends  on  the  functional 
forme  of  4W  end  H(t).  On  the  other  hand,  knowing  4(H)  end  M(t),  one  can 
calculate  the  temporal  profile  of  the  millimeter-wave  signals.  One  example  of 
such  a  calculation  is  given  in  figure  6a.  The  temporal  profile  of  the 
resultant  phasor  shows  e  rich  variety  of  forms  depending  on  the  following:  (1) 
the  initial  offset  phase  angle  4  between  two  phasors  (set  by  adjusting  the 
mechanical  phase  shifter),  (2)  the  initial  value  of  the  laser-induced  phase 
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bridge  is  deliberately  set  to  be  unbalanced  by  an  offset 
In  figure  4,  where  GA  represents  the  resultant  field  H- 


Kl  I  1 1  •1“  i  i- 

and  if  |  Eg  J  is  normalised  to  unity, 

Kl  •2l*1"fl 


shift  and,  (3)  the  carrier  decay  dynamics  which  determines  the  functional  form 
of  N(t),  ♦i-ierCt),  and  ®ia»er(t),  where  ®ia#er(t)  is  the  laser-induced  atte¬ 
nuation  coefficient  of  the  millimeter  waves.  The  qualitative  temporal  profiles 
of  |E||  for  4o  “  i  are  shown  in  figure  7.  The  essential  feature  is  the 
*  T 

appearance  of  the  positive  and  negative  portions  of  the  signal.  This  charac¬ 
teristic  results  because  the  base-line  of  the  |E«|2  plot  is  shifted  when  the 
bridge  is 
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Figure  4.  Fhasor  diagram  for  unbalanced  bridge.  Note  simple  geometric 

construction  to  obtain  resultant  phasor  ER,  representing  electric 
field  at  output  of  bridge. 

initially  set  to  be  unbalanced.  This  is  schematically  shown  in  figure  7.  When 
obtaining  the  final  temporal  profile  one  must  also  realise  that  the  laser-induced 
loss  can  complicate  the  situation.  Because  of  the  variable  loss,  the  phasor 
E.  will  no  longer  rotate  along  a  circle  but  rather  along  a  complicated  curve, 
since  the  magnitude  of  the  phasor  is  also  a  function  of  time.  This  is  shown  in 
figure  8. 
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Figure  6.  Theoretical  teaporal  profile  of  the  ailllaeter-vave  signals 
generated  for  the  unbalanced  bridge  due  to  the  decay  of  the  optically  induced 
carriers,  the  curves  are  plotted  for  different  initial  phase  angles  between  EA 
and  Eb.  (a)  180<>,  the  balanced  case,  (b)  0°,  <c)  115°  and  (d)  235°. 
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Figure  7.  Qualitative  temporal  profile  of  |Er|2  (a)  phaaor  diagram,  (b)  |er|2 
versus  4,  (c)  temporal  profile  of  |ER|2  for  initial  phase  angle  between  Ex  *nd 
Eg  equal  to  i  *  40,  with  40  -  -  .J,  (d),  (a),  (f)  same  as  figure  7a,  b,  c  with 
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Figure  8.  Decay  path  of  laser-induced  phasor  OA  when  attentuaclon  of  phasor 
amplitude  is  taken  into  account.  Phasor  rotates  with  variable  amplitude  along 
path  A'B’C'G. 


Based  on  the  theoretically  calculated  curves  of  phase  shift  and  atte¬ 
nuation  as  a  function  of  carrier  density  and  assuming  a  certain  decay  charac¬ 
teristic  of  the  excess  carriers,  we  have  calculated  the  temporal  profile  of  the 
signal  at  the  output  of  the  detector.  Figure  6  represents  the  results  of  these 
calculations  with  different  initial  phase  angles  between  EA  and  Eg  for  the 
Cr-doped  Ga As  waveguide  at  94  Ghz.  Here  we  have  assumed  a  two  component  decay 
mechanism  for  the  carriers  with  decay  constants  of  ti  ■  100  ps  and  T2  *  1000 
ps.  The  mechanism  for  Ti  Is  due  to  efficient  recombination  of  carriers  at 
chromium  impurities,  while  that  for  T2  may  be  due  to  aablpolar  diffusion. 

Figure  9  shows  the  observed  millimeter-wave  signals  corresponding  to  the 
theoretical  situation  depicted  in  figure  6.  In  this  particular  case,  a  laser- 
induced  phase  shift  of  270°  was  measured  in  good  agreement  with  that  predicted 
theoretically.  In  this  measurement  we  can  also  follow  the  decay  of  carriers 
over  a  density  range  spanning  four  decades.  With  some  refinement,  this  tech¬ 
nique  can  also  be  applied  to  study  carrier  transport  of  more  interesting  cases, 
ouch  as  the  temperature  dependence  of  the  transport  parameters. 
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Figure  9.  Experimentally  observed  millimeter-wave  signals  corresponding  to 
theoretical  ones  in  figure  6  In  same  cyclic  order. 

3.4  Highlights  of  Research  Results 

A  phase  shift  of  1400°/ cm  of  a  94-GHr  millimeter-wave  for  a  waveguide 
with  dimens iocs  close  to  cutoff  ( -0.5mm  thick)  has  been  observed  accompanied  by 
less  than  1  dB  of  insertion  loss.  A  theory  has  been  developed  to  account  in 
detail  for  the  observed  results.  A  computer  code  has  been  written  to  solve 
various  boundary  value  problems,  such  as  different  thicknesses  of  the  plasma 
layer,  different  modes,  different  frequencies,  etc.  Good  agreement  between 
theory  and  experiment  gives  us  confidence  to  design  devices  based  upon  the  com¬ 
puter  calculations.  Theoretical  prediction  shows  that  using  a  waveguide  with 
dimensions  close  to  cutoff,  a  phase  shift  of  2.5°/nJ  of  optical  energy  is 
possible. 

Ultrafast  millimeter  wave  switching  without  jitter  has  been  demonstrated. 
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The  switch  response  time  Is  In  the  picosecond  range.  Millimeter-wave  gating 
with  picosecond  precision  has  also  been  demonstrated  and  we  have  observed  the 
shortest  millimeter  wave  pulses  ever  reported  (about  0.5  ns). 

Using  a  Cr-doped  GaAs  waveguide,  we  have  demonstrated  a  millimeter  wave 
modulator  with  a  bandwidth  greater  than  1  GHz.  This  device  will  be  par¬ 
ticularly  attractive  in  pulse-coded  communication  applications,  since  the  data 
rate  can  be  extended  well  above  1  Gbit/s. 

We  have  demonstrated  for  the  first  time  the  generation  of  'chirped'  milli¬ 
meter  wave  pulses.  This  may  be  significant  for  pulse  compression  in  coherent- 
pulse  millimeter  radar  applications. 

Finally,  we  have  developed  a  dynamic  bridge  method  to  measure  the  dynamic 
phase  shift  induced  by  optical  picosecond  pulses  and  to  monitor  the  decay  kine¬ 
tics  of  the  carriers.  The  wide  dynamic  range  of  this  method  indicates  that  it 
is  a  sensitive  technique  to  characterize  the  carrier  transport  parameters  at 
low  carrier  density. 


4.  SUGESST10NS  FOR  FUTURE  RESEARCH  TOPICS 

4.1  Further  Development  of  Dynamic  Bridge  Method 

In  section  3.3  we  showed  that  the  dynamic  bridge  method  can  determine 
the  laser-pulse-induced  phase  shift  which  rises  and  decays  rapidly  on  a  sub¬ 
nanosecond  time  scale.  In  many  instances,  this  method  may  be  the  only  one  for 
accurate  measurement  of  the  rapid  phase  shift.  Further  development  of  this 
technique  to  cover  a  large  variety  of  situations  should  be  carried  out.  The 
results  of  measurements  obtained  by  this  technique  would  be  compared  with 
those  obtained  by  our  earlier  technique  employed  in  our  Si  waveguide  work* 

One  can  also  apply  the  dynamic  bridge  method  to  study  the  carrier  transport  in 
different  semiconducting  materials,  such  as  Si,  Ge ,  and  GaAs,  and  at  different 
temperatures.  For  example,  the  carrier  scattering  time  is  related  to  tem¬ 
perature.  We  expect  that  these  features  may  be  detected  by  using  the  dynamic 
bridge  method. 


4.2  Laser-Controlled  Phase-Shifter  Research 

We  can  continue  to  expand  our  research  to  investigate  the  influence  of 
optically  generated  plasma  on  the  propagation  of  millimeter  waves  in  semicon¬ 
ductor  waveguides.  Our  objectives  thus  far  have  been  limited  to  (1)  gaining 
an  understanding  of  the  physics  of  the  plasma-wave  interaction,  (2)  exposing 
any  problems  that  may  be  associated  with  the  devices  in  operation,  and  (3) 
devising  a  theoretical  model  that  is  amenable  to  computer  analysis.  So  far,  we 
have  been  quite  successful  in  all  three  areas.  Our  goals  for  the  next  phase 
will  be  an  in-depth  and  followup  study.  We  will  study  the  phase  shifting 
effect  with  a  waveguide  close  to  cutoff,  gur  present  studies  show  that  in  an 
oversize  waveguide,  the  phase  shift  is  320  /cm,  while  in  a  waveguide  with 

*  Chi  H.  Lee,  P.  S.  Mak,  and  A.  P.  DeFonzo,  "Optical  control  of  millimeter-wave 
propagation  in  dielectric  waveguides,”  IEEE  J.  Quantum  Electron  QE-16  (1980), 
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thickness  of  0.5  on,  e  phase  shift  of  1500  /ca  has  been  obtained.  This  indeed 
greatly  relaxes  the  power  requirement.  The  problem  is  mainly  an  engineering 
one,  since  there  is  a  mismatch  of  cross-sectional  area  between  the  metallic  and 
the  dielectric  waveguide.  Ve  will  devote  considerable  effort  to  developing  a 
launcher  for  smooth  transition  in  coupling  millimeter  waves  from  a  metallic 
waveguide  to  a  dielectric  one. 


4.3  Mode  Coupling  in  Optically  Controlled  Millimeter  Wave  Dielectric 
Waveguide. 

As  a  demonstration  of  a  practical  phase-shifting  device,  we  would 
like  to  use  millimeter-wave  devices  to  produce  phase  shifts  of  180° ,  90°,  and 
45°.  A  phase  shift  of  180°  requires  a  length  of  6  mm  for  the  injected  plasma 
column  in  an  oversized  waveguide.  For  waves  propagating  through  a  long 
dielectric  section,  the  important  problem  of  mode  coupling  effects  must  be 
addressed  since  it  may  not  be  possible  to  maintain  the  millimeter  wave  in  the 
lowest  order  mode  over  a  long  distance.  A  good  theoretical  analysis  and  a 
detailed  experimental  characterization  of  the  mode  patterns  and  mode  conver¬ 
sion  and  coupling  are  needed  in  order  to  properly  design  the  phase  shifting 
device.  Mode  coupling  in  Integrated  optics  has  been  analyzed.  The  ideas  and 
some  of  the  results  may  be  applied  to  the  millimeter-wave  range. 

4.4  Ultrafast  Switching.  Gating,  and  Wide  band  Modulation  of  Millimeter- 
Wave  Signals 

For  millimeter  wave  radar  and  hlgh-data-rate  communication,  it  is 
desirable  to  have  a  capability  for  ultrafast  switching,  gating  and  modulation. 
We  have  already  demonstrated  that  switching  and  gating  of  millimeter  waves  with 
subnanosecond  precision  is  attainable  by  laser  controlled  techniques^  (see  also 
app  B).  However,  many  Important  questions  such  as  gain-bandwidth  limitations, 
efficiency,  minimum  optical  energy  requirements,  and  maximum  power-handling 
capability  have  not  been  considered.  These  questions  can  only  be  addressed 
meaningfully  with  a  complete  understanding  of  the  millimeter-wave  plasma 
interaction  in  the  waveguide.  For  example,  how  does  carrier  diffusion  and 
recombination  affect  wave  propagation?  By  applying  a  fully  developed  dynamic 
bridge  method,  these  questions  may  be  answered.  How  does  dielectric  relaxation 
time  affect  the  response  time  of  the  device?  Is  gating  or  switching  best 
accomplished  by  injecting  a  surface  plasma  layer  or  a  volume  plasma?  What  are 
the  best  choices  for  laser  and  semiconducting  material,  etc?  We  will  perform  a 
systematic  study  to  evaluate  these  parameters. 

For  wide  bandwidth  modulation  one  needs  a  semiconductor  with  an  ultrafast 
carrier  recombination  time.  In  our  early  studies  of  optoelectronic 
switches^  §  we  have  found  that  carriers  in  Cr-doped  GaAs  recombine  in  50  ps.20 
This  material  is,  therefore,  a  good  candidate  for  a  wlde-band  modulator. 

Either  amplitude  modulation  of  a  transmitted  wave  in  a  single-arm  waveguide  or 
phase  modulation  in  a  two-arm  millimeter-wave  bridge  arrangement  can  be 
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employed.  Our  most  recent  result  based  on  the  latter  method  is  very 
encouraging.  Ve  have  demonstrated  the  modulation  of  mllllmeter-vave  signals  at 
94  GHz  with  a  modulation  bandwidth  well  in  excess  of  1  GHz.  Based  on  the 
carrier  lifetime  data,  the  potential  bandwidth  should  approach  10  GHz.  A 
followup  and  in-depth  study  will  be  undertaken  along  this  line.  This  device 
will  be  particularly  attractive  in  pulse-coded  communication  as  the  data  rate 
can  be  extended  well  above  1  Gbit/s. 

Optoelectronic  gating  of  millimeter-wave  signals  with  picosecond  pre¬ 
cision  offers  many  orders  of  improvement  in  signal  to  noise  ratio  in  signal 
processing.  This  technological  capability  is  necessary  to  reduce  system 
vulnerability  to  electronic  counter-measures.  To  explore  these  unique  features 
we  shall  undertake  an  in-depth  study  with  wlde-bandwidth  mixer  diode/detectors. 


4.5  Chirping  of  Millimeter-Wave  Pulses  and  Coherent  Pulse  Compression 


Using  the  modulation  technique  discussed  in  appendices  B  and  C  as 
well  as  in  the  last  section,  one  generally  obtains  a  well-defined  pulse  signal 
with  good  depth  of  modulation  at  the  output  of  the  bridge.  The  width  of  these 
pulses  has  been  measured  by  a  correlation  technique  frequently  employed  in  the 
picosecond  pulse  work  and  found  to  be  600  ps,  wider  than  the  predicted 
pulsewldth  by  a  factor  of  three.  This  discrepancy  can  be  understood  by 
realizing  that  the  millimeter-wave  pulse  is  generated  by  rapid  phase  modula¬ 
tion  of  the  signal.  As  a  result  the  pulse  is  actually  chirped;  i.e.,  there  is 
a  large  frequency  sweep  within  the  pulse.  Group  velocity  dispersion  will 
broaden  the  'chirped'  millimeter-wave  pulse  as  it  propagates  through  a  positi¬ 
vely  dispersive  guiding  structure,  e.g.,  metallic  waveguide,  as  observed  in 
this  case.  It  is  interesting  to  point  out  that  the  millimeter-wave  pulse  can 
be  as  short  as  200  ps,  which  contains  only  20  cycles.  If  such  a  pulse  is  led 
to  propagate  through  a  negatively  dispersive  medium,  it  can  further  be 
compressed.  We  will  search  for  a  suitable  material  for  Buch  a  demonstration. 
The  compressed  pulse  will  be  very  short.  It  is  also  interesting  to  find  out  how 
the  compression  process  changes  the  signature  of  the  original  pulse.  If  the 
chirped  rate  is  high  enough  and  the  compression  ratio  is  large  enough,  the 
compressed  pulse  may  have  a  carrier  frequency  characteristic  that  is  quite  dif¬ 
ferent  from  that  of  the  original  pulse. 


Development  of  Composite  Dielectric  Waveguide  Structures 


Although  semiconducting  materials  used  as  waveguide  media  offer  many 
advantages,  materials  costs  will  nevertheless  be  high.  An  alternative  approach 
will  be  to  use  microwave  ceramic  materials  such  as  alumina  or  magnesium  tita- 
nate  as  the  main  body  of  the  waveguide  while  overlaying  a  layer  of  semiconduc¬ 
tor  for  control.  This  approach  is  particularly  cost  effective  if  a 
medium-range  resistivity  silicon  can  be  used  instead  of  high-purity  silicon. 
According  to  figure  8-11  of  Lee  et  al , *  the  loss  and  phase  shift  are  insignifi¬ 
cant  until  the  plasma  density  reaches  10^/ cm^  for  a  plasma  layer  of  50- pm. 

This  means  that  if  one  cements  a  silicon  layer  on  an  index  matched  ceramic 
waveguide,  the  resistivity  of  the  silicon  layer  can  be  as  low  as  2  ohm-cm. 

This  in  turn  means  that  the  inexpensive  silicon  wafer  can  be  used  as  the  effec¬ 
tive  controlling  element.  Millimeter-wave  propagation  in  such  a  composite 
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guiding  structure  with  an  optically  injected  plasma  layer  must  be  investigated. 
This  structure  may  offer  additional  advantages  in  that  the  Injected  plasma  will 
be  confined  to  the  semiconducting  layer.  The  complicated  transport  phenomena 
encountered  in  bulk  semiconductor  devices  may  be  avoided. 

For  another  configuration,  the  composite  dielectric  waveguide  structure 
may  be  sectionalized.  In  a  region  where  only  a  normal  guiding  function  is 
required,  one  uses  the  ceramic  Insular  material,  while  in  the  region  where  some 
kind  of  control  is  needed,  one  uses  semiconductor  waveguide.  These  composite 
waveguide  structures  are  essential  for  the  realization  of  monolithic 
millimeter-wave  integrated  circuit  technology. 


4.7  Use  of  Diode  Laser  as  Light  Source 

Up  to  now,  we  have  been  using  the  mode-locked  Nd:YAG  laser  as  the 
light  source  for  controlling  action.  It  is  bulky.  It  may  be  quite  adequate  as 
a  laboratory  tool  for  investigation  of  the  proposed  research  tasks  but  it  is 
certainly  not  very  practical  for  field  operation.  The  ideal  light  source  for 
such  application  should  be  compact  and  consume  very  little  power.  The  diode 
lasers  suit  these  requirements.  According  to  our  calculation,  an  optimally 
designed  device  should  only  require  1  nJ  for  2.5  of  phase  shift.  This  energy 
requirement  for  the  operation  of  the  device  is  certainly  available  in  most  diode 
lasers.  It  is  important  to  demonstrate  the  device  operational  principle  by  the 
use  of  diode  lasers.  We  Intend  to  include  this  in  our  Investigation. 


4.8  Study  of  Physics  of  Hot  Carrier  Transport  in  Semiconductors. 

The  prospect  of  ever  larger  scale  integration  of  electronic  circuits 
has  Increased  the  importance  of  the  study  of  transport  of  carriers  in  semicon¬ 
ductors  under  high  electric  field.  The  transport  of  carriers  under  high 
electric  field  is  usually  characterized  by  its  departure  from  Ohm's  law,  i.e., 
the  current  is  a  non  linear  function  of  the  electric  field.  Among  the  many 
techniques  for  studying  transport  phenomena,  we  mention  three  which  are  rele¬ 
vant  to  our  purpose:^!  (i)  picosecond  light  pulse  band-to-band  excitation 
and  probing  of  the  excited  carriers;  (2)  some  combination  of  high  dc  or 
microwave  field  excitation  and  probing  with  a  weak  field;  and  (3)  probing  with 
a  frequency  source  resonant  with  a  time  constant  of  interest,  usually  ~10”12  8< 
We  propose  here  to  develop  a  technique  which  will  combine  some  of  the  advan¬ 
tages  offered  separately  by  these  three  conventional  methods.  The  transport  of 
electrons  under  an  electric  field  may  be  characterized  by  the  complex  conduc¬ 
tivity,  which  is  in  turn  determined  by  the  carrier  density  and  the  various 
relaxation  times.  Optical  methods  can  introduce  a  known  number  of  carriers  at 
a  known  initial  energy  (determined  respectively  by  the  intensity  and  frequency 
of  the  light),  and  energy  redistribution  of  these  electrons  can  be  determined 
as  a  function  of  time  to  subpicosecond  resolution  by  probing  the  band-to-band 
absorption  of  light.  The  change  in  the  real  part  of  the  dielectric  constant, 
however,  requires  an  enormous  carrier  density  (10^  cm~^  by  rough  estimates) 
because  of  the  high  optical  frequency,  10^  Hz,  compared  with  10**  Hz  carrier 
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response  time.  Lower  frequency  techniques  (dc  and  microwave)  measure  the 
change  In  the  complex  conductivity  but  cannot  yield  direct  information  on  the 
relaxation  times  because  they  are  too  fast;  such  information  can  only  be 
obtained  Indirectly,  by  fitting  experimental  data  to  some  theoretical  calcula¬ 
tions,  for  example.  Direct  examination  at  a  resonant  frequency  (~10^  Hz) 
requires  a  frequency  source  at  that  range,  a  less-developed  area. 

The  proposed  technique  exploits  the  available  picosecond  time  resolution 
(and  hence  high  frequency,  10*2  nz)  from  optical  sources  and  the  more  sen¬ 
sitive  measurements  on  the  complex  conductivity  in  low-frequency  methods.  The 
heart  of  the  technique  is  a  picosecond  light  pulse  source,  which  can  switch  on 
and  off,  synchronously,  square  pulses  of  high  dc  voltage  (up  to  kilovolt 
levels)  and  millimeter  waves;  the  rising  and  falling  edges  of  these  square 
pulses  are  only  limited  by  the  optical  pulse-width.  The  light  pulse  will  be 
used  to  create  a  known  carrier  density  by  band-to-band  absorption  in  a  semicon¬ 
ductor  sample.  A  square  pulse  of  dc  field,  variable  up  to  kilovolt  levels  will 
be  used  to  excite  the  photogenerated  carriers,  and  a  square  pulse  of 
millimeter-wave  will  probe  the  complex  conductivity  of  the  sample  as  a  function 
of  both  the  dc  field  strength  and  the  carrier  density;  thus,  nonlinear  effects 
due  to  high  field  and  high  carrier  concentration  can  be  detected.  The  sharp 
edges  of  the  electric  and  millimeter-wave  fields  provide  time  resolution  (i.e., 
high-frequency  components  are  generated,  up  to  over  10^  Hz)  which  may  allow 
direct  probing  of  the  time  constants,  in  the  following  manner.  Suppose  a 
square  pulse  of  dc  voltage  is  switched  out  sometime  after  the  light  pulse 
generates  the  carriers.  A  millimeter-wave  pulse,  with  variable  delay  with 
respect  to  the  dc  pulse,  will  probe  the  complex  dielectric  constant  n  (Fig. 

10).  If  the  dc  field  rises  faster  than  the  carrier  momentum  relaxation  time, 
different  delay  t'  of  the  millimeter  wave  will  lead  to  different  values  of  the 

measured  n.  Similarly,  different  delay  tD  between  the  light  excitation  pulse 
and  the  dc  pulse  will  allow  measurement  of  the  energy  redistribution  time.  The 
technique  can  be  very  sensitive  by  averaging  the  correlation  measurements. 


Since  ever  shorter  available  light  pulse  sources  may  be  predicted  10“^  - 
10-14  s  resolution  is  not  out  of  question.  For  a  different  project,  we  have 
available  to  us  a  cw  15-w  argon  laser  to  pump  a  mode-locked  dye  laser  which  has 
been  shown  to  generate  0.09-ps  pulses  by  colliding  pulse  mode-locking 
technique^.  Should  the  output  power  be  insufficient,  we  have  available  a  Q- 
switched  Nd : YAG  laser  which  can  be  used  to  pump  an  amplifier  for  the  dye;  such 
an  amplifier  has  been  shown  capable  of  amplifying  very  reliably  0.09  ps  pulses 
up  to  gigawatt  levels. 24 

At  the  beginning,  however,  to  demonstrate  the  feasibility,  we  propose  to 
use  Che  existing  facilities  to  make  measurements  in  the  10  ps-region,  cooling  a 
suitable  semiconductor  sample  to  low  temperature  to  lengthen  the  relaxation 
times. 


23  r,  x,.  Fork,  B.  I.  Greene,  and  C.  V.  Shank,  "Generation  of  optical  pulses 
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(1981),  671-672. 
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li^ht  pulse  generates  carrier 


Figure  10.  Relative  tlaing  of  laser-induced  solid-state  plasma  and  dc  and 
millimeter-wave  pulses  for  characterisation  of  hot  carrier  transports. 
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APPENDIX  A 


Theory  of  Optically  Controlled 
Millimeter-Wave  Phase  Shifters 


AILEEN  M.  VAUCHER,  CHARLES  D.  STR1FFLER,  member,  ieee,  and  CHI  H.  LEE,  member,  ieee 


Ms  pipit  w  tmdy**  (he  * Rivt  profMfitiovi 

duncioMin  el  ■  Rdtctrk  waveguide  containing  a  pUsauhdominated 
region  Such  a  Strict  pmeitn  a  nan  Method  for  contraRing  adRiMeter-wave 
propagation  In  eenkonductor  warrguidn  via  either  optical  or  oiectronic 
Means  mulling  in  ekrefast  iwitddng  and  gating.  We  here  calculated  the 
phase  shift  and  attenuation  muMng  front  the  presence  of  the  plasma. 
Higher  order  amdes,  both  TE  and  TM.  as  well  as  Mffliateter-wart  frequency 
rariation,  are  etudled  in  both  Si  and  GaAs  dielectric  wt reguides.  We  hare 
also  formulated  a  surface  plasma  awdel  that  is  a  good  eppmslmatinn  to  the 
more  elaborate  rohune  plasma  model.  Phase  shifts  ere  predicted  to  he  as 
high  m  1400* /cm  for  Modes  operating  near  cutoff.  These  awdes  suffer 
ter>  Httie  attenuation  nhtn  the  plaama  region  contains  a  wRidenB)  high 

wnRl  MBRJi 

1.  Introduction 

WE  ARE  CURRENTLY  witnessing  a  resurgence  of 
interest  in  millimeter-wave  technology.  The 
frequency  band  extending  from  30  to  1000  GHz  is  attrac¬ 
tive  in  several  respects.  Devices  operating  above  X-band 
frequencies  offer  greater  earner  bandwidth,  better  spatial 
resolution,  and  a  more  compact  technology  than  presently 
used  X-  and  X-band  systems.  Millimeter-  and  tubmillime- 
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ter-wave  systems  also  have  some  advantages  over  optical 
systems,  such  as  better  atmospheric  propagation  in  selected 
bands  and  a  technology  more  amenable  to  frequency  mul¬ 
tiplexing  [l]-(3],  while  retaining  good  angular  resolution  of 
the  latter.  A  basic  problem  is  how  to  effectively  preserve 
these  benefits.  Our  approach  to  the  solution  of  this  prob¬ 
lem  promises  to  yield  much  larger  modulation  bandwidths 
than  are  realizable  with  optical  systems,  while  preserving 
the  economy  of  the  millimeter-wave  system  over  a  given 
carrier  frequency  band. 

One  of  the  important  parts  of  the  microwave  and/or 
millimeter-wave  system  is  the  waveguide.  At  microwave 
frequencies,  metal  waveguides  are  commonly  used.  At 
higher  frequencies,  either  microstrip  or  dielectric  wave¬ 
guide  structures  become  more  attractive.  Microstrip  trans¬ 
mission  lines  are  used  up  to  30  GHz.  For  frequencies 
greater  than  30  GHz,  the  losses  in  microstrip  structures  are 
high,  and  fabrication  techniques  become  more  difficult  due 
to  the  small  strip  width  and  the  substrate  thickness.  Dielec¬ 
tric  rectangular  waveguides  become  an  alternative  to  the 
expensive  metal  waveguides.  The  use  of  high-purity  semi¬ 
conductor  materials  as  dielectric  waveguides  is  particularly 
important  since  active  devices  such  as  oscillators,  Gunn  or 
1MPATT  diodes,  mixers/detectors,  and  modulators  can  be 
fabricated  monolithically  with  the  semiconducting  wave¬ 
guides. 
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One  important  aspect  of  millimeter-wave  devices  is  the 
control  of  the  phase  and  amplitude  of  a  wave  propagating 
through  the  waveguide.  The  use  of  semiconductor  bulk 
phenomena  in  implementing  microwave  control  compo¬ 
nents  has  been  discussed  [4],  The  principal  phenomena 
explored  have  been  the  dielectric  and  conductive  properties 
of  the  plasma  state.  A  frequency-scanning  millimeter-wave 
antenna  utilizing  periodic  metallic-stripe  perturbations  on 
a  silicon  waveguide  has  been  demonstrated  ($].  Millimeter- 
wave  dielectric  image-guide  integrated  devices  have  been 
developed  (6].  In  the  optical  region,  there  are  a  variety  of 
controllable  waveguide  devices  which  have  not  found  their 
counterparts  in  the  millimeter-wave  region.  High-speed 
light  modulators  that  make  use  of  the  electrooptic, 
acoustooptic,  and  magnetooptic  effects  in  bulk  material 
have  been  described  [7], 

Phase  shifting  is  a  fundamental  control  operation.  A 
general  approach  to  this  operation,  used  extensively  at 
both  optical  [8]  and  microwave  [9]  frequencies,  is  to  alter 
the  phase  velocity  along  a  fixed  interval  of  a  guiding 
medium.  In  this  case,  the  phase  shift  per  unit  length  is 
equal  to  the  change  in  the  propagation  constant  of  the 
guided  wave.  One  well-known  method  of  altering  the  dis¬ 
persion  of  millimeter  waves  is  to  introduce  a  plasma  into 
the  guiding  medium.  In  their  work,  Jacobs  et  al.  [10]  have 
demonstrated  that  the  phase  shift  can  be  accomplished  by 
injecting  plasma  with  p-i-n  diodes  [11].  Similar  work  at  low 
frequency  has  been  demonstrated  recently  by  Glance  [12]. 
There  are  several  shortcomings  of  p-i-n-diode-comrolled 
millimeter-wave  devices:  a)  large  phase  shifts  have  not 
been  achieved  due  to  excess  heating  of  the  waveguide;  b) 
there  are  large  losses  (  >  6dB)  due  to  excess  metallization 
for  contact  to  the  junction  region;  and  c)  the  p-i-n  diode 
becomes  an  integral  part  of  the  waveguide.  This  leads  to 
complex  boundary  conditions  and  poor  electrical  isolation 
between  the  p-i-n  diode  and  the  waveguide  structure. 

Recently,  we  have  demonstrated  a  way  of  circumventing 
the  above  difficulties.  By  illuminating  the  guide  with 
above-bandgap  radiation,  we  have  created  the  basic  ele¬ 
ment  of  a  new  class  of  device,  an  optically  controlled 
millimeter-wave  phase  shifter  and  modulator.  Optical  con¬ 
trol  offers  the  following  advantages:  a)  near  perfect  isola¬ 
tion;  b)  low  static  and  dynamic  insertion  losses  in  some 
regimes;  c)  fast  response;  d)  high  power  handling  capabil¬ 
ity,  e)  when  picosecond  pulses  are  used,  it  is  possible  for 
extremely  high  density  plasmas  to  be  injected  without 
damaging  the  material;  f)  by  proper  choice  of  semiconduct¬ 
ing  material  and  laser  wavelength,  one  can  generate  plasma 
with  any  desirable  density  distributions  and  at  any  desir¬ 
able  time;  g)  ultrafast  switching  and  gating  of  millimeter- 
wave  signals  is  possible;  and  h)  using  picosecond  exciting¬ 
probing  techniques,  the  dynamic  evolution  of  the  injected 
plasma  can  be  studied  in  detail.  Parameters  related  to 
transport  properties  of  the  carriers  can  be  accurately  de¬ 
termined. 

This  paper  analyzes  in  detail  the  changes  that  occur  in 
the  propagation  characteristics  of  millimeter  waves  in  a 


dielectric  waveguide  when  a  plasma-dominated  region  is 
present.  The  model  and  method  analysis  are  presented  in 
[13].  In  that  paper,  both  the  experimental  and  theoretical 
studies  concentrated  primarily  on  the  propagation  of  the 
dominant  lowest  order  mode)  (TM)  denoted  by  ££,  for 
94-GHz  waves  in  a  silicon  waveguide.  In  practice,  it  has 
been  found  that  for  waves  propagating  in  an  over-sized 
waveguide  with  a  plasma  covered  region,  the  waves  will  not 
remain  in  the  fundamental  mode.  In  this  paper,  we  extend 
the  analysis  to  include  higher  order  TM  modes  E*%q  and 
TE  modes  E‘  q.  Calculations  have  also  been  carried  out  at 
frequencies  other  than  94  GHz.  To  understand  the  multi- 
mode  propagation  characteristics  more  fully,  a  model  based 
on  a  surface  plasma  is  devised,  and  the  results  compared 
with  those  obtained  by  a  more  elaborate  calculation  involv¬ 
ing  a  finite  thickness  plasma  layer.  It  is  found  that  the 
surface  plasma  model  gives  a  good  approximation  for 
plasma  layers  less  than  10  pm  in  thickness.  This  is  signifi¬ 
cant  since  we  now  have  a  simple  theoretical  model  to 
predict  the  phase  shift  and  to  understand  the  mode-cou¬ 
pling  mechanism  in  a  general  situation  for  plasma- 
controlled  phase-shifting  devices  of  arbitrary  dimensions. 

Recently,  we  have  demonstrated  the  operation  of  a 
wide-bandwidth,  high-repetition  rate  opto-electronic  modu¬ 
lator  for  94-GHz  signals  based  on  a  plasma-controlled 
Cr-doped  GaAs  waveguide  [14].  The  rapid  phase  and  am¬ 
plitude  modulation  are  achieved  by  using  picosecond  opti¬ 
cal  pulses  to  inject  a  plasma  into  the  waveguide.  In  Cr- 
doped  GaAs,  in  contrast  to  silicon,  the  electron-hole  plasma 
recombines  rapidly,  i.e.,  in  less  than  100  ps,  thus  resulting 
in  a  high-speed,  wide-bandwidth,  and  high-repetition  rate 
operation  of  a  millimeter-wave  modulator.  Therefore,  in 
this  paper,  we  extend  our  theoretical  investigation  of  di¬ 
electric  materials  to  include  GaAs. 

In  Section  II,  the  concept  of  a  plasma-controlled  dielec¬ 
tric  waveguide  is  reviewed  and  earlier  experimental  results 
are  summarized.  The  complete  analysis,  including  the  pre¬ 
sentation  of  the  surface  plasma  model,  is  then  treated  in 
Section  III.  It  should  be  pointed  out  that  the  analysis 
presented  here  is  quite  general;  it  can  be  applied  to  the 
plasma-controlled  dielectric  waveguide  devices  no  matter 
whether  the  plasma  injection  is  by  optical  means,  as  in  this 
work,  or  by  electronic  means,  as  in  the  work  reported  by 
Jacobs  et  al.  [10]. 

II.  Concept  of  Plasma-Controlled  Dielectric 
Waveguide  with  Preliminary  Experimental 
Results 

Shown  in  Fig.  1  is  a  schematic  of  the  optically  controlla¬ 
ble  phase  shifter.  It  consists  of  a  rectangular  semiconductor 
waveguide  with  tapered  ends  to  allow  efficient  transition  of 
millimeter  waves  both  to  and  from  a  conventional  metal 
waveguide.  Optical  control  is  realized  when  the  broadwall 
of  the  semiconductor  guide  is  illuminated  by  light  gener¬ 
ated  by  either  a  proximal  source  or  one  removed  by  a 
suitable  optical  guiding  medium.  The  width  a  and  height  b 
of  the  guide  are  selected  so  that  it  supports  an  £j'  ,  mode. 
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Fig.  I.  Schematic  diagram  of  the  optically  controlled  phase  shifter.  The 
propagation  vector  in  the  guide  is  d  is  the  depth  of  the  injected 
plasma  layer,  a  is  the  width  of  the  guide,  and  b  is  the  height  of  the 
guide. 


The  initial  depth  of  plasma  injection  is  controlled  by 
selecting  an  appropriate  combination  of  optical  radiation 
wavelength  and  semiconductor  absorption  properties. 

At  sufficiently  small  injection  depths,  the  final  thickness 
of  the  plasma  is  determined  primarily  by  processes  of 
carrier  diffusion  and  recombination.  The  effect  of  the 
plasma-occupied  volume  is  to  introduce  a  layer  whose 
index  of  refraction  at  the  millimeter-wave  frequency  is 
larger  than  that  of  the  remaining  volume  of  the  waveguide. 
As  the  optical-illumination  intensity  increases  from  a  low 
value,  a  significant  phase  shift  will  not  appear  until  the 
plasma  frequency  exceeds  the  frequency  of  the  guided 
millimeter  wave,  after  which  it  will  rapidly  rise  and  eventu¬ 
ally  saturate.  The  form  and  magnitude  of  the  phase  shift 
versus  the  intensity  of  illumination,  and  hence  the  plasma 
density,  depends  in  detail  on  the  material  and  geometrical 
factors  that  characterize  the  optically  perturbed  guiding 
structure,  and  the  determination  of  these  quantities  re¬ 
quires  a  detailed  solution  of  the  corresponding  boundary 
value  problems.  The  optically  induced  phase  shift  for  a 
given  section  of  waveguide  of  length  /  is  determined  by 
computing  the  propagation  constant  in  the  x  direction; 
first,  in  the  absence  of  the  injected  plasma  kt,  and  then 
with  the  plasma  k't\  thus,  “  *,)/• 

Comparison  between  the  experimental  and  the  theoret¬ 
ical  results  presented  in  (13]  and  in  Section  Ill  are  shown 
in  Fig.  2.  The  correspondence  between  the  data  and  the 
theoretically  predicted  curve  is  excellent.  As  shown  in  Fig. 
2,  we  observed  a  maximum  phase  shift  of  59°  at  94  GHz 
for  a  plasma  column  1.6  mm  in  length  with  dynamic 
insertion  loss  of  less  than  one  decibel. 

By  slightly  variations  of  the  phase-shifting  technique,  we 
have  also  demonstrated  opto-electronic  switching  and  gat¬ 
ing  of  millimeter-wave  signals  at  94  GHz  by  an  optically 
induced  plasma  in  a  silicon  waveguide  [IS].  A  millimeter- 
wave  pulse  width  as  short  as  one  nanosecond  and  variable 
to  tens  of  nanoseconds  can  readily  be  obtained  by  this 
technique.  We  conclude  from  these  studies  that  optical 
injection  of  plasma  is  superior  to  electrical  injection  be¬ 
cause  of  its  near-perfect  isolation.  The  geometry  and  na¬ 
ture  of  the  injected-plasma  column  are  more  amenable  to 
analysis.  Excellent  agreement  between  experiment  and  the¬ 
ory  encourages  further  study  and  a  search  for  better  experi¬ 
mental  configurations  to  realize  a  new  class  of  devices  with 
high  efficiency. 
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Fig  2.  Measured  ptuuc  shift  nonnalaed  to  units  of  deg/cin[15] 


III.  Model  and  Analysis  of  a  Plasma-Controlled 
Dielectric  Waveguide 


The  geometry  of  the  rectangular  dielectric-plasma  guide 
model  is  shown  in  Fig.  3.  The  guide  cross  section  is  in  the 
x-y  plane,  and  the  z  coordinate  represents  the  direction  of 
propagation.  The  dimensions  of  the  guide  are  denoted  by  a 
and  b,  and  the  plasma  region  thickness  by  tf.  The  medium 
surrounding  the  waveguide  is  air.  The  relative  dielectric 
constant  and  refractive  index  of  the  dielectric  region  0  <  y 
<  b  - 1,  are  er  and  nr  -  JTr,  respectively,  and  those  of  the 
dielectric-plasma  region  b- tp<  y  <  b  vz  [13] 


u2  +  r2 


«2  +  r.  u 


The  free-charge  contribution  (plasma)  is  characterized  by  a 
plasma  frequency  ufm  -  0),/a  of  ew*  *Pec’es  of 

density  Nm,  and  an  effective  collision  frequency  v  These 
various  species  in  an  optically  formed  plasma  are  denoted 
by  thermally  ionized  and  photo-induced  boles  (light  and 
heavy)  and  electrons.  The  values  of  the  various  species 
properties,  that  is,  density,  effective  mass,  and  collision 
frequency,  are  listed  in  Fig.  4(a)  for  Si  and  Fig.  4(b)  for 
GaAs.  In  Fig.  4(a)  the  real  part  ij  and  imaginary  part  k  of 
the  refractive  index  for  Si  (see  ( 1))  are  plotted  as  a  function 
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Fi*.  3.  Geometry  of  dielectric-plasms  wavejuide  model. 
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plasma  region,  k't  (complex),  k,  (real),  respectively,  and 
from  these  the  plasma  induced  phase  shift  for  a  given 
length  of  waveguide  /  can  be  computed  by 

A*-  (Re *;-*,)/,  rad  (2) 

and  the  attenuation  coefficient  by 

a- Imfc',  cm-1.  (3) 

Specifically,  in  a  waveguide  of  dimensions  a  and  b  and 
with  no  plasma  present,  np  ■■  »,(«,„  ■*  0),  kx  and  ky  for  the 
£f  t  mode  are  approximated  by  [21] 

k  «££[1  +  J - ho -  (4) 


*  -^[l*  -Tt]— “ 

b  l  «^J(<r-l) 


CIS  »**  c™  10" 
PLASMA  DENSITY  (cm*! 


Fit  4.  (a)  Plot  of  the  plasma  region  refractive  index  versus  plasma 
density  in  Si  at  94  GHz.  Here  Pt-0.I4  N,;  PH  -  0  86  %;  mj  -  0.239 
m0;  mJ-0.38  m0;  m0;  m>,-0.49mo.R,-IS00cmJ/V- 

2.2x10* 11  s;  **-600  orf/V  z;  Tj-UxlO-”  a;  and  Ar„>- 
10"  an'*  [161,  (IT),  (b)  Rot  of  the  pUsma-retkn  refractive  index 
versus  plasma  density  in  GaAs  at  94  GHz.  Here  PL  >0,  P„  -  Nf, 
m J —  0.06  m0;  mJ-O.S  mp;  mj^-0.8  m4;  p, - 1800  cm’/V-s;  r, - 
3.3X10-1*  a;  B»-430cmIA  a;  »,-U8xl0_M  a;  and  /V,0-I.4x 
I0‘ cm-’ (18-20) 

of  plasma  density  for  a  ,94-GHz  wave.  Likewise,  in  Fig. 
4(b)  the  refractive  index  in  the  plasma-dielectric  region  for 
GaAs  is  plotted.  For  each  material,  note  the  metallic 
nature  of  the  plasma  region  for  plasma  density  above 
•bout  10’*  an**  for  Si  and  10,s  cm*1  for  GaAs. 

For  the  case  of  weD-guided  modes,  the  analysis  is  consid¬ 
erably  simplified  in  that  the  dispersion  equation  is  essen¬ 
tially  decoupled  between  the  x  and  y  directions  [21].  That 
is,  if  the  fields  in  the  dielectric  are  assumed  to  vary  as 
exp/(wf  -  kMx  -  kry  -  k,t),  we  find  that  boundary  con¬ 
ditions  in  x  determine  those  in  y  determine  ky,  and 
from  these  one  can  then  determine  k,.  With  these  assump¬ 
tions,  the  inodes  decouple  into  TM,  called  £/.,  and  TE, 
called  E’p  modes.  The  propagation  constant  k,  is  com¬ 
puted  for  the  cases  with  and  without  the  presence  of  the 


Here  p  is  the  number  of  extrema  in  the  x  direction,  q  is  the 
number  of  extrema  in  the  y  direction,  and  A0  is  the 
free- space  wavelength  of  the  propagating  wave.  Similarly, 
for  well-guided  E*  ,  modes,  kx  and  ky  are  approximated  by 

PI] 


k  1  +  _J - 

a  vi,a  (t 


k  =*■  1  +  — r - 0|  —■  0) 

r*  b  wb  (e  _  j)'/2 

With  these  values  of  kx  and  ky,  we  can  compute  k,  in  the 
guide  without  the  plasma  present 


where  kx  and  ky  are  given  by  either  their  TM  values  (4) 
and  (5),  or  their  TE  values  (6)  and  (7). 

Now  consider  the  case  when  the  plasma  layer  is  present , 
as  shown  in  Fig.  3.  Again,  assuming  the  decoupling  due  to 
well-guided  modes  is  valid,  we  note  that  the  solutions  for 
kx  for  the  £/  ,  and  Ey  f  modes  are  given  by  (4)  and  (6).  In 
the  y  direction,  the  solution  for  ky  for  TM(££f)  waves  is 
found  by  solving  [13] 


i)*-0  (9) 

and  for  TE (££*)  waves 

Tf  +  l '  {£ (f? )- *«•'-]} 

-M»-',)+<«-')*-o.  (io) 

In  (9)  and  (10),  we  have  defined  the  various  k't  in  each 


i*. 

tan  -r*  +  tan 
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Fi|  5.  (a)  Phase- shift  properties  in  a  2.4  X  1-mm2  Si  waveguide  at  94 
GHz  with  respect  to  plasma  density  for  a  plasma  region  thickness  of  10 
pm  Parametric  dependence  is  the  TM  mode  £,r  f .  (b)  Attenuation 
properties  in  a  2.4  x  l-mmJ  Si  waveguide  at  94  GHz  with  respect  to 
plasma  density  for  plasma  region  thickness  of  10  pm.  Parametric 
dependence  is  the  TM  mode  Ej  r 
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Fig  6.  (a)  Phase  shift  properties  in  a  2.4 x  1-mrn2  Si  waveguide  at  94 
GHz  with  respect  to  plasma  density  for  a  plasma  region  thickness  of  10 
pm.  Parametric  dependence  is  the  TE  mode  E’ ,  (b)  Attenuation 
properties  in  a  2.4x  l-mmJ  Si  waveguide  at  94  GHz  with  respect  to 
plasma  density  for  a  plasma  region  thickness  of  10  pm  Parametric 
dependence  is  the  TE  mode  Ef  r 


region  (Fig.  3)  as 

A0 

Ao 

k,mJL{n2,-"l)'/7  (II) 

"0 

and  nu  is  the  effective  refractive  index  of  the  wave  in  the 
decoupled  guide.  In  the  plasma  layer,  the  index  n,  is 
complex  and  depends  upon  the  density  of  the  plasma  (see 
(1)).  Substituting  the  4,’s  into  (9)  and  (10)  results  in 
transcendental  equations  for  nu.  These  equations  are  solved 
numerically  for  n„,  from  which  k,  is  determined.  The  value 
of  k,  is  the  value  of  ky  in  the  dielectric  region  in  the 
presence  of  the  plasma  layer  and  thus  k\  may  be  found  by 

*«“(nv -*»-*?)  (,2) 

We  can  then  compute  the  phase  shift  and  attenuation  a 
from  (2)  and  (3),  using  (8)  and  (12). 

In  (13],  plots  of  phase  shift  and  attenuation  versus 
plasma  density,  with  plasma  region  thickness  a  parameter, 
were  shown  for  the  lowest  order  Ef  mode,  i.e.,  Ef<t.  The  Si 
waveguide  crow  sections  for  those  plots  were  2.4  x  I  mm2 
and  1  x0.5  mm2,  and  the  plasma  thickness  was  varied  from 


1  pm  to  half  the  guide  depth.  In  this  paper,  we  have 
calculated  and  a  as  a  function  of  the  plasma  density  for 
a  rectangular  Si  waveguide  of  dimensions  2.4  x  1  mm2  for 
all  and  ££,  modes  that  can  propagate  for  a  plasma 
region  thickness  of  10  pm.  The  results  of  the  calculations 
are  shown  in  Figs.  3  and  6.  In  Fig.  3(a)  the  phase  shift  per 
centimeter  is  plotted  as  a  function  of  the  plasma  density 
for  the  ££,  through  the  ££,  modes,  which  are  the  only  £> , 
modes  that  can  propagate  in  this  guide.  The  corresponding 
loss  in  dB/cm  is  plotted  in  Fig.  3(b).  As  the  plasma  density 
increases  from  1015  cm'5  to  1020  cm-3,  the  skin  depth  in 
Si  decreases  from  more  than  200  pm  to  less  than  1  pm. 
When  the  skin  depth  is  equal  to  or  larger  than  the  plasma 
layer  thickness,  the  millimeter  wave  penetrates  deeply  into 
the  plasma  layer  causing  loss.  The  maximum  loss  occurs 
when  the  skin  depth  is  about  equal  to  the  layer  thickness. 
The  higher  order  modes  have  more  loss  in  this  regime  than 
the  lower  order  modes,  because  more  of  the  wave  power  is 
concentrated  in  the  plasma  region  when  a  higher  order 
mode  is  propagating  in  the  guide.  As  the  plasma  density 
increases  further,  the  skin  depth  decreases.  When  the  skin 
depth  is  less  than  the  thickness  of  the  plasma  layer,  the 
plasma  region  begins  to  act  as  a  metallic  conductor  and  the 
dielectric  waveguide  becomes  an  image  line.  The  attenua¬ 
tion  then  drops  off  rapidly  with  increasing  plasma  density. 
The  maximum  phase  shift  of  the  higher  order  modes  is  also 
larger  than  that  of  the  lower  order  modes  because  the 
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F*.  7.  (a)  Phase-shift  properties  in  a  24xl-mmJ  Si  waveguide  with 
respect  to  plasma  density  for  a  plasma-region  thickness  of  10  pm  and 
the  lowest  order  TM  mode  £,' ,  Parametric  dependence  is  the  frequency 
of  the  millimeter  wave,  (b)  Attenuation  properties  in  a  2.4  x  I -mm3  Si 
waveguide  with  respect  to  plasma  density  for  a  plasma-region  thickness 
of  10  pm  and  the  lowest  order  TM  mode  £,’,.  Parametric  dependence 
is  the  frequency  of  the  millimeter  wave. 

waveguide  becomes  more  dispersive  closer  to  cutoff.  The 
other  two  TM  modes  this  guide  is  capable  of  supporting  at 
94  GHz  are  the  E{1  and  ££2  modes,  both  of  which  are  of 
higher  order  than  the  ££,  mode.  Their  maximum  phase 
shifts  are  1000°/cm  and  1450° /cm,  respectively. 

Plots  of  the  phase  shift  and  attenuation  curves  for  the 
TE  modes,  £’,  through  £4*,.  in  the  2.4 x  1-mm3  guide  at  94 
GHz  are  shown  in  Fig.  6(a)  and  (b)  for  the  10-pm  plasma 
layer.  The  results  are  similar  to  those  found  previously  for 
the  £/  f  modes,  except  that  the  magnitude  of  the  maximum 
phase  shift  is  less  and  the  maximum  loss  in  the  guide  is 
less,  reflecting  the  different  field  distribution  requirements 
between  the  TE  and  TM  modes. 

The  effect  of  varying  the  frequency  of  the  millimeter 
wave  in  the  2.4  x  1-mm3  guide  for  a  10-pm  plasma  depth  is 
to  shift  the  attenuation  peak  and  the  onset  of  the  phase 
shift.  This  is  shown  in  Fig.  7(a)  and  (b)  for  the  E{,  wave. 
This  is  to  be  expected  since  the  skin  depth  is  a  decreasing 
function  of  frequency;  therefore,  the  plasma  density  at 
which  the  greatest  amount  of  interaction  between  the 
plasma  and  the  wave  occurs  increases  as  frequency  is 
increased.  Also,  as  the  frequency  is  lowered,  the  maximum 
phase  shifts  and  attenuations  are  larger.  This  is  because  the 
guide  operates  closer  to  cutoff  at  the  lower  frequencies.  For 
a  frequency  of  SO  GHz,  only  the  mode  shown,  £/[,,  can 
propagate  in  the  waveguide. 

In  Fig.  1(a)  and  (b),  we  have  plotted  the  results  for  a 


Fig  8  (a)  Comparison  of  the  phase-shift  characteristics  of  an  £i‘ j  mode 

propagating  at  94  GHz  in  a  2.4  x  1-mm3  waveguide  for  Si  (solid  lines) 
and  GaAs  (dashed  lines)  plotted  with  respect  to  plasma  density  The 
three  sets  of  curves  correspond  to  plasma  depths  of  500  |im.  50  |im. 
and  5  )im.  respectively  (b)  Comparison  of  the  attenuation  characteris¬ 
tics  of  an  £,*  i  mode  propagating  at  94  GHz  in  a  2  4  x  1-mm3  waveguide 
for  Si  (solid  lines)  and  GaAs  (dashed  lines)  plotted  with  respect  to 
plasma  density  The  three  sets  of  curves  correspond  to  plasma  depths  of 
500  (i m.  and  50  n m.  and  5  pm.  respectively 

2.4  x  1-mm3  GaAs  waveguide.  Because  the  features  with 
respect  to  multimode  and  frequency  variation  are  similar  to 
those  presented  for  Si,  we  have  displayed  only  the  lowest 
order  TM  mode  ££,  results  at  94  GHz  with  plasma 
thickness  a  parameter.  For  comparison,  the  Si  guide  results 
are  displayed  as  solid  curves.  The  general  features  of  the 
GaAs  curves  are  the  same  as  those  for  Si;  however,  the 
curves  are  shifted  toward  lower  plasma  densities  consistent 
with  the  shift  in  the  dielectric  properties  of  GaAs  versus  Si 
shown  ir»  Fig.  4. 

A.  Surface  Model  of  the  Plasma 

A  means  of  simplifying  the  calculation  of  the  propaga¬ 
tion  constant  k,  in  the  presence  of  the  plasma  is  to  assume 
that  the  plasma  is  located  only  at  the  surface  with  a  surface 
plasma  density 

cm'1  (13) 

where  N,  is  the  volume  density  of  each  species  a,  and  tf  is 
the  thickness  of  the  plasma.  With  this  simplification,  the 
plasma  effect  only  appears  in  the  boundary  condition  at 
ymb.  A  picture  of  this  simplified  model  is  shown  in  Fig.  9. 
The  analysis  proceeds  as  before  by  assuming  that  the 
solutions  for  kx  and  are  decoupled.  Again  we  find  k,  is 
given  by  (4)  and  (6).  We  examine  the  plasma’s  reaction  to 
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Fij  9.  Cross  section  of  the  plasms  controlled  dielectric  waveguide  with 
the  plasma  treated  as  a  surface  density. 

the  EM  fields  in  terms  of  the  linearized  charge  density  p 
and  a  linearized  current  density  J,  where 

m 

■'-If.tf.v  (M) 

« 

Please  note  that  Nm  is  the  zeroth-order  density  of  species  a. 
and  nm  represents  the  linearized  response  to  the  millimeter 
wave.  Likewise,  since  the  zeroth-order  velocity  of  each 
species  a  is  zero,  5,  represents  the  linearized  velocity 
response  to  the  millimeter  wave.  We  use  the  integral  form 
of  Maxwell’s  Equations  to  find  the  boundary  condition  at 
y  —  b.  The  plasma  quantities  n,  and  are  found  from  the 
linearized  fluid  equations  to  be 


Fig.  10.  (a)  Comparison  of  the  phase-shift  characteristics  of  an  E{, 
mode  propagating  at  94  GHz  in  a  24x  I -mm1  Si  waveguide  for  the 
surface  model  (dashed  lines)  and  the  volume  model  (solid  lines)  plotted 
with  respect  to  plasma  density.  The  three  sets  of  curves  correspond  to 
plasma  depths  of  100  am.  10  pm.  and  Spm.  respectively,  (b)  Compari¬ 
son  of  the  attenuation  characteristics  of  an  Ef ,  mode  propagating  at  94 
GHz  in  a  2  4  x  I -mm3  Si  waveguide  for  the  surface  model  (dashed  lines) 
and  the  volume  model  (solid  lines)  plotted  with  respect  to  plasma 
density.  The  three  sets  of  curves  correspond  to  plasma  depths  ol  100 
pm.  10  pm.  and  $  pm.  respectively 


We  have  defined  -  N,JS(y-  b),  that  is,  a  plasma 
located  only  at  the  surface  y  -  b. 

For  TM  waves,  the  surface  plasma  acts  as  a  surface 
current  and  the  transcendental  equation  for  kr  becomes 


tan  V 


k. 


•Man 


'{*’*’  i -o.} 


-»,»  +  (,- 1).-0  (17) 


where  Kt  and  k,  are  as  in  (11).  For  TE  waves,  the  surface 
plasma  acts  as  a  surface  charge  and  the  transcendental 
equation  for  k,  becomes 


+  tan" 


-*,*  +  (*-!)* -0.  (18) 


While  (17)  and  (18)  are  still  transcendental,  their  solutions 
are  much  simpler  than  those  of  (9)  and  (10).  Fig.  10(a)  and 
(b)  shows  the  results  of  the  surface  plasma  model  analysis 
in  comparison  to  the  volume  model  presented  in  the  pre¬ 
vious  figures.  Good  agreement  of  the  phase  shifts  and 
attenuations  of  the  two  models  with  respect  to  plasma 
density  at  small  plasma  depth  for  a  TM  wave  at  94  GHz  is 
seen.  As  the  thickness  of  the  plasma  layer  gets  larger,  the 


agreement  becomes  poorer,  as  expected.  Similar  agreement 
is  found  for  the  TE  waves  and  for  higher  order  modes  of 
both  the  TE  and  TM  waves.  Clearly,  the  simplicity  of  this 
model  will  aid  us  in  figure  analysis  pertaining  to  mode 
conversion  of  a  single  incident  wave. 

IV.  Conclusion 

We  have  analyzed  in  detail  the  steady-state  millimeter- 
wave  propagation  characteristics  of  Si  and  GaAs  dielectric 
waveguides  that  contain  a  plasma-dominated  region.  We 
have  calculated  the  phase  shift  and  attenuation  properties 
resulting  from  the  presence  of  the  plasma.  Higher  order 
modes  were  examined  as  well  as  frequency  variation  of  the 
millimeter  wave  for  all  modes  capable  of  propagating  in  a 
given  sized  guide.  A  surface  plasma  model  was  formulated 
that  greatly  simplified  the  analysis,  yet  gave  good  agree¬ 
ment  with  the  more  elaborate  volume  mode).  This  model 
will  facilitate  the  computation  of  a  more  complicated  situa¬ 
tion  where  mode  coupling  effects  may  be  important.  Phase 
shifts  as  high  as  1400°  /cm  are  predicted  for  modes  near 
cutoff.  This  analysis  indicates  that  in  an  oversized  guide 
where  many  modes  can  be  present,  the  properties  of  all 
modes  are  similar  in  both  their  expected  phase  shift  as  well 
as  their  attenuation  properties. 
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APPENDIX  B 

WIDE  BANDWIDTH.  HIGH-REPETITION- 
RATE  OPTOELECTRONIC  MODULATION 
OF  MILLIMETRE  WAVES  IN  GaAs 
WAVEGUIDE 


Indexing  terms :  Optoelectronics,  Dielectric  waoeguides,  Laser- 
beam  applications 

The  generation  of  ullrashorl,  chirped  and  coherent 
■ullimelrt-wsvt  pulses  by  an  optical  method  is  reported. 
Using  this  technique,  the  modulation  of  millimetre-wave  sig¬ 
nals  at  94  GHz  with  a  modulation  bandwidth  in  eacess  of  1 
GHz  is  readily  achievable. 

Optically  controlled  microwave  or  millimetre-wave  devices 
have  been  a  topic  of  great  interest  recently.  Utilising  a  laser- 
induced  electron-hole  plasma  in  semiconductors  to  control  the 
propagation  of  RF  signal,  previously,1  we  have  successfully 
demonstrated  the  switching,  gating  and  phase  shifting  of 
millimetre-wave  signals  in  Si-waveguides  with  picosecond  pre¬ 
cision.  Phase  shifts  as  large  as  3007cm  at  94  GHz  were  ob¬ 
served.  In  the  experiment  involving  the  switching  and  gating 
of  RF  waves,  millimetre-wave  pulses  with  pulsewidths  as  short 
as  1  ns  and  variable  to  tens  of  nanoseconds  have  also  been 
generated.  In  these  earlier  experiments,2  high-resistivity  Si  was 
used  as  the  waveguide  material.  Since  carrier  lifetime  in  pure 
silicon  is  in  the  millisecond  range,  for  generating  short  RF 
pulses,  one  generally  requires  two  separate  laser  pulses,  one  to 
Turn  on*  and  the  other  to  ‘turn  ofT  the  millimetre- wave  signal. 
Furthermore,  the  repetition  rate  of  the  device  is  limited  by  the 
carrier  recombination  rate  to  less  than  10  ltH2.  In  this  letter. 


laser 

beam 


^  %S£de 
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Ftg.1  Schematic  diagram  of  an  optically  controlled  phase  shifter 
K.  is  propagation  vector  ir.  waveguide 


we  will  report  on  our  most  recent  study  of  this  type  of  device 
using  Cr-doped  GaAs  as  the  waveguiding  medium  Owing  to 
rapid  carrier  recombination,3  only  a  single  picosecond  optical 
pulse  is  needed  to  produce  ultrashort  millimetre-wave  pulses. 
This  feature  has  been  utilised  to  construct  a  high-speed 
millimetre-wave  modulator  with  a  repetition  rate  well  in 
excess  of  1  GHz. 

The  optical  control  of  RF-waves  offers  the  following  advan¬ 
tages: 

(a)  near-perfect  isolation  between  the  controlling  and  the  con¬ 
trolled  devices 

(h)  low  static  and  dynamic  insertion  losses 

(e)  the  possibility  of  producing  fast  responses  with  picosecond 

precision 

(d)  a  high  power  handling  capability. 

The  basic  principle  of  optical  control  of  millimetre  warn  is 
illustrated  schematically  in  Fig.  I.  The  propagation  constant 
K,  in  an  interval  AL  of  a  rectangular  GaAs  waveguide 
(2-4  x  10  mm)  is  changed  to  K,  by  illuminating  the  broadwall 
with  optical  radiation.  The  absorbed  light  generates  an 
electron-hole  plasma  resulting  in  a  change  of  the  complex 
index  of  refraction  of  the  semiconductor  thereby  altering  the 
boundary  conditions  of  the  waveguide  and  changing  the  pro¬ 
pagation  constant  A  millimetre  wave  launched  into  the  wave¬ 
guide  experiences  amplitude  and/or  phase  modulation  while 
propagating  through  the  illuminated  interval.  The  ratio  of  am¬ 
plitude  to  phase  modulation  depends  on  the  density  and  ge¬ 
ometry  of  the  plasms  For  example,  if  the  density  yields  a  skin 
depth  i  much  less  than  the  thickness  of  the  plasma  layer,  the 


effect  of  the  plasma  is  equivalent  to  an  image  guide  This 
results  primarily  in  a  phase  shift  d.  given  by  the  relationship 


d  -  (A,  -  k,}  SL 


In  the  general  case,  the  transient  response  of  the  device  de¬ 
pends  on  the  transport  parameters  of  the  optically  induced 
carriers,  such  as  the  carrier  collision  time,  mobility,  diffusion 
characteristics  etc.  The  mechanism  for  phase  shift  and  attenu¬ 
ation  can  then  be  approximately  described  in  terms  of  a 
model,  developed  during  the  study,  based  on  Marcatili's 
approximation.4 


Fig.  2  Experimental  arrangement  for  generating  chirped  millimetre- 
woie  pulses 

The  experimental  arrangement  is  depicted  in  Fig  2.  A 
millimetre-wave  bridge  similar  to  that  used  by  Jacobs  and 
Chrepta’  was  employed  A  GaAs  guide  was  inserted  in  one 
arm  of  the  bridge.  The  dielectric  waveguide  was  composed  of 
a  25  mm-long  GaAs  slab  with  a  cross-section  of  24  x  10 
mm2,  which  was  considered  to  be  an  oversized  waveguide  for 
the  94  GHz  signals.  The  ends  of  the  slab  were  tapered  for 
transitions  with  minimum  reflection  from  standard  W-band 
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Different  time  scales  arc  shown  in  (a)  and  (H  respectively.  Individ¬ 
ual  pulse  in  train  is  'chirped'  and  its  duration  is  measured  by  a 
correlation  technique  to  be  about  400  ps 


waveguide  operating  in  a  TE,0-mode  to  dielectric  waveguide. 
The  dark  resistivity  of  the  Cr-doped  GaAs  was  101  flan. 
Initially,  without  laser  pulse  illumination  of  the  GaAs  wave¬ 
guide,  the  bridge  was  balanced  by  adjusting  the  variable  at¬ 
tenuator  A  and  mechanical  phase  shifter  4  in  the  other  arm  so 
that  there  was  no  signal  at  the  output.  When  a  single  0S3  pan 
pulse  of  about  20  fJ  and  30  ps  duration  extracted  from  a 
frequency  doubled  mode-locked  Nd  YAG  laser  illuminated 
the  GaAs  waveguide,  a  high-density  electron-hole  plasma  was 
generated  on  the  surface  of  the  GaAs  slab,  causing  a  phase 
shift  in  the  millimetre-wave  signal  as  it  propagated  through 
the  plasma  covered  region  of  the  waveguide.  The  bridge 
became  unbalanced  and  a  signal  appeared  at  the  output  of  the 
bridge.  This  signal  would  persist  until  the  excess  carriers  re¬ 
combined  As  the  lifetime  of  the  excess  carrier  is  of  the  order 
of  100  ps,’  we  expect  that  the  millimetre-wave  signals  rise  and 
decay  rapidly.  In  fact,  if  an  optical  pulse  train  were  used  to 
illuminate  the  waveguide,  a  millimetre-wave  pulse  train  mim¬ 
icking  the  optical  pulse  train  should  result.  This  indeed  was 
the  case  as  shown  in  Fig.  3.  The  interpulse  spacing  of  ?  ns  in 
the  millimetre-wave  pulse  train  is  the  same  as  that  in  the 
optical  pulse  train  Fig  3  also  shows  that  a  modulation  band¬ 
width  approaching  1  GHz  is  attainable.  The  pulse  width  of  the 
individual  pulse  is  not  resolvable  in  this  Figure  since  the  com¬ 
bined  response  time  of  the  detecting  and  display  system  is 
slower  than  the  expected  pulse  width  of  about  200  ps  esti¬ 
mated  on  the  basis  of  the  carrier  lifetime  data.3  We  have 
devised  a  correlation  technique  similar  to  that  used  before3  to 
measure  the  pulse  width  of  the  coherent  millimetre- wave 
pulse.  The  measured  pulse  width  is  600  ps,  wider  than  the 
predicted  pulse  width  by  a  factor  of  three  This  discrepancy 
can  be  resolved  by  realising  that  the  millimetre-wave  pulse  it 
generated  by  rapid  phase  modulation  of  the  signal.  As  a  result 
the  pulse  is  actually  'chirped',  i.e  there  is  a  large  frequency 
sweep  within  the  pulse.  Group  velocity  dispersion  will  broa¬ 
den  the  'chirped'  millimetre-wave  pulse  when  it  propagates  in 
a  positively  dispersive  guiding  structure  Mismatches  between 
the  dielectric  and  metallic  waveguides  will  also  contribute  to 
some  broadening  Experiments  as  well  as  a  detailed  theoretical 
calculation  are  under  way  to  provide  more  data  for  a  quanti¬ 
tative  analysis  of  the  generation  and  propagation  of  the 
'chirped'  millimetre-wave  pulse. 


In  conclusion,  we  have  demonstrated  for  the  first  time  the 
generation  of  a  'chirped'  millimetre-wave  pulse  by  an  optoel¬ 
ectronic  method.  Using  this  technique,  the  modulation  of 
millimetre-wave  signals  at  94  GHz  with  a  modulation  band¬ 
width  in  excess  of  I  GHz  is  readily  achievable. 
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Pig,  3  Btperiaentally  observed  millimeter-wave  Simula  corresponding  to 
the  theoretical  ones  dap ic tad  in  Pig.  2  in  the  mm  cyclic  order. 


wave  pulse  is  sctuslly  'chirped*  due  to  rapid  phase  aodulation.  Qroup  velo¬ 
city  dispersion  trill  broaden  the  ’chirped'  millimeter-wave  pulse  then  it  pro¬ 
pagates  through  a  positively  dispersive  guiding  structure.  Mimsatches 
between  the  dielectric  and  as  tall  ic  waveguides  trill  also  contribute  to  ease 
broadening. 


Since  the  ad  11  iae tar-wave  signals  are  obtained  by  aodulating  the 
dielectric  property  of  the  Cri doped  Wi  verveguide,  the  pulse  width  of  the 
signals  are  aaaller  than  the  cxsbuiad  response  tine  of  the  detecting  and 
displaying  systm.  As  a  result  the  convenient  calibration  technique 
employed  in  the  Si  waveguide  work  [  1]  to  obtain  the  values  of  phase  shift  and 
attenuation  1s  not  directly  applicable  bare.  MS  have,  however,  developed  a 
dynamic  bridge  aethod  to  determine  the  values  of  the  laser  induced  phase 
shift  and  attenuation.  Vie  output  electric  field  of  the  bridge  (see  Pig.  2 
of  reference  3)  is  the  sum  of  two  phasors,  EA  representing  the  electric  field 
In  the  arm  with  dielectric  waveguide,  and  Ee>  *1*  W  field  in  the  other  aim. 

E.  and  Ed  are  linearly  polarized  in  the  same  direction.  Mien  the  bridge  is 
balanced  prior  to  laser  illunination,  Zp“  -Eg  and  the  output  is  asro.  Under 
laser  illimination  E*  is  suddenly  shifted  to  a  new  value  and  then  relaxes 
back  to  its  initial  value  as  the  laser  induced  carriers  decay  (represented  by 
the  rotation  of  the  EA  phaaor  in  a  phaaor  d  lag  ran) .  The  output  waveform  of 
the  millimeter-wave  detector  is  proportional  to  |E*  ♦  |2#  A  pogitive  pulse 

with  a  characteristic  decay  results.  The  aeplitude  as  well  as  the  detailed 
tmaporal  profile  of  the  pulse  depends  upon  the  initial  density  of  the  induced 
carriers  and  the  materiel  transport  parameters.  Based  on  the  theoretically 
calculated  curves  of  phase  shift  and  attenuation  as  a  function  of  carrier  den¬ 
sity  [4]  and  tanning  a  certain  decay  characteristic  of  th*  smosss  carriers, 
m  have  calculated  the  taeporal  profile  of  the  slpial  at  the  output  of  the 
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electron-hole  plaaaa  resulting  in  a  change  of  the  complex  index  of  refraction 
of  the  semiconductor  thereby  altering  the  boundary  conditions  of  the  waveguide 
and  changing  the  propagation  constant.  A  millimeter-wave  launched  into  the 
waveguide  experiences  amplitude  and/or  phase  modulation  while  propagating 
through  the  illuminated  interval.  The  ratio  of  amplitude  to  phase  aodulation 
depends  on  the  density  and  geometry  of  the  plasma,  to r  example,  if  the 
density  yields  a  skin  depth  6  much  less  than  the  thickness  of  the  please 
layer,  the  effect  of  the  plaana  is  aquivalent  to  an  image  guide.  toi*  yields 
a  marly  pure  phase  shift,  +,  given  by  the  relationship 

«  ■<  W )LU  (U 

to  general  case,  the  transient  response  of  the  millimeter-wave  depends  upon 
the  transport  parameters  of  the  optically  induced  carriers,  such  as  carrier 
collision  time,  mobility,  diffusion  characteristics,  etc.  toe  mechanism  for 
phase  shift  and  attenuation  can  then  be  satisfactorily  described  in  terms  of 
a  model  developed  in  this  work  baaed  on  Marcatili's  approximation  [2}. 

An  experiment  wms  performed  by  using  a  millimeter-wave  bridge  similar  to 
that  used  previously,  toe  OtAs  waveguide  wms  inserted  in  one  arm  of  the 
bridge,  initially,  without  laser -pulse  illumination  of  the  QaAa,  the  bridge 
was  balanced  by  adjusting  a  mechanical  attenuator  and  phase  shifter  in  the 
other  arm  so  that  there  wms  no  signal  at  the  output,  then  a  single  picose¬ 
cond  pulse  of  0.53  |A  extracted  from  a  frequency  doubled  aode-locked  tUitoC 
laser  was  illuminating  the  GsAs  waveguide,  the  bridge  beemse  imbalanced  and 
coherent  signals  appeared  at  the  output  of  the  bridge.  Because  the  lifetiee 
of  the  induced  carriers  is  of  the  order  of  100  piooseoonds,  the  millimeter- 
wwve  signals  rise  and  decay  rapidly.  If  an  optical  pulse  train  is  used  to 
llliminate  the  waveguide,  a  milliamter-wave  pulse  train  results  mimicking  the 
optical  pulse  train  (see  rig.  3  of  reference  3).  This  feature  indicates  that 
a  modulation  bandwidth  approaching  1  GHz  is  attainable,  toe  pulse  width  of 
the  individual  pulse  is  not  resolvable  sinoe  the  oaabined  response  time  of 
the  detecting  and  display  system  is  slower  than  the  expected  pulse  width  of 
about  200  piooseoonds .  wider  than  the  predicted  pulse  width  by  a  factor  of 
three,  tois  discrepancy  can  be  resolved  by  realizing  that  the  millimeter 


fig.  2  Theoretical  temporal  profile  of  the  millimeter  wave  signals 
generated  for  the  unbalanced  bridge  due  to  the  decay  of  the  opti¬ 
cally  induced  carriers,  toe  curves  ere  plotted  for  different 
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Picosecond  Optoelectronic  Modulation  of  Millimeter-Waves 
In  GaAs  Waveguide 
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qptically  controlled  microwave  or  millimeter-wave  devices  have  been  a  topic 
of  greet  interest  recently.  Utilizing  s  laser  induced  electron-bole  pie— e 
in  arnni  conductor  waveguide  to  control  the  propagation  of  an  RF  signal,  we 
have  previously  d—anstrated  the  switching ,  gating  and  phase  shifting  of 
millimeter-wave  signal  in  Si -waveguide  with  picosecond  precision  [1],  {base 
shifts  as  large  as  300°/—  at  94  GHz  —re  observed.  In  the  experiment 
involving  switching  and  gating  of  RF  waves,  ail lime tar-wave  pulses  with 
pulsswidth  as  short  as  1  na  and  variable  to  tans  of  nanoseconds  have  also 
been  generated.  In  these  earlier  experiments,  high  resistivity  Si  was  uaad 
as  the  waveguide  material,  sinoe  the  carrier  lifetime  in  pure  silicon  is  in 
the  millisecond  range,  to  generate  a  short  RF  pulse,  one  generally  requires 
two  separata  laser  pulses,  one  to  “turn  an"  and  the  other  to  "turn  off"  the 
aillime ter-weve  signal.  Furthermore,  the  repetition  rate  of  the  device  is 
limited  fay  the  carrier  recombination  rate  to  la—  than  10  KHz.  In  this  writ, 
we  will  report  an  our  east  recent  study  of  this  type  of  device  by  using 
Ct idoped  QkAs  —  the  weveguiding  medics,  cue  to  rapid  carrier  recombination, 
only  a  single  picosecond  optical  pulae  is  —adad  to  produce  an  ultrashort 
millimeter-wave  pul—,  lhls  feature  has  been  utilised  to  construct  e  high 
speed  eilll— ter-weve  modulator  with  a  repetition  rate  —11  in  asoaas  of  1 
GHZ. 

Optical  control  of  RF-wmves  offers  the  following  advantages i  (a)  near 
perfect  isolation  between  the  controlling  and  the  controlled  devices,  (b)  low 
static  and  dynmsic  insertion  loss,  (c)  possibility  of  fast  response  with 
piooseoond  precision,  and  (d)  high  pc— r  handling  capability. 

The  basic  principle  of  epical  control  of  millimeter  serves  is  illustrated 
schematically  in  Fig.  1.  the  propagation  constant,  K_,  in  an  interval  AL  of 
a  rectangular  GaAs  waveguide  (2.4  a  1.0  — )  la* changed  to  K,'  by  illuminating 
the  breadwmll  with  optical  radiation.  Qte  absorbed  light  generates  an 
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detector.  Figure  2  represents  the  results  of  these  calculations  with  dif¬ 
ferent  initial  phase  angles  between  E*  and  Efe.  Here  we  have 
asaosed  a  two  component  decay  mechanism  for  the  carriers  with  decay  acnsunts 
tj-100  ps  and  t 3* 1000  ps  respectively.  The  mechanism  for  tj  may  be  due  to 
efficient  teccnbinaticn  at  chrcniun  iapurities;  while  for  tot  it  aay  be  due 
to  ambipolar  diffusion.  Vie  laser  induced  carrier  density  Is  estimated  to  be 
2  x  1018/an3,  corresponding  to  the  laser  energy  of  10»J*  The  taeporal  pro¬ 
file  is  very  sensitive  to  the  initial  carrier  density  from  optical  injection. 
Pig.  3  shows  the  observed  millineter-wave  signals  corresponding  to  the 
theoretical  situations  depicted  in  fig.  2.  It  ia  apparent  that  there  is  s 
good  qualitative  agreement.  By  coopering  the  data  with  the  theoretically 
calculated  curve,  one  can  conclude  that  a  phase  shift  of  270°  has  been 
observed.  This  value  oenpares  very  favorably  with  the  theoretically  expected 
value  of  280°  for  a  plats  oolimn  of  2  millimeters  in  length,  or  1400°/an  [4]. 

In  conclusion,  we  have  damonetratmd  for  the  first  ties  the  generation  of 
’chirped’  Bill  lee  tar-wave  pulses.  Using  this  technique,  the  modulation  of 
millimeter-wave  signals  at  94  OB  with  modulation  bandwidth  in  excess  of  1  GHz 
Is  readily  achievable.  A  dynamic  bridge  Method  has  been  developed  to  measure 
the  phase  shift  and  to  sonitor  the  carrier  decay  kinetics.  A  two  component 
decay  has  been  observed  in  s  a i doped  OsAs  waveguide. 
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